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                                                                                                 Resumen 
 
La secuenciación del genoma humano ha dado lugar a la llamada ―era post-genómica‖ en la cual se 
plantea una visión integral de los procesos biológicos que se ha visto reflejada en el desarrollo de las 
denominadas ―tecnologías ómicas‖. Las principales tecnologías ómicas desarrolladas durante los últimos 
años son la genómica, la transcriptómica, la proteómica y la metabolómica. Sin embargo, el sufijo 
―ómica‖ se está aplicando a numerosas ramificaciones y disciplinas que se están estableciendo a medida 
que se obtiene un mayor conocimiento de las múltiples posibilidades que dichas tecnologías ómicas 
presentan. En este sentido, la Alimentómica (también conocida como Foodomics) ha sido recientemente 
definida como una nueva disciplina, que haciendo uso de las técnicas ómicas (principalmente 
transcriptómica, proteómica y metabolómica), permite abordar de una forma global aspectos relacionados 
con la bioactividad, calidad, seguridad y trazabilidad de los alimentos e investigar la relación existente 
entre los alimentos y la salud. La Alimentómica ofrece un enfoque holístico de la investigación en 
alimentos y/o de los efectos a nivel molecular asociados a los mismos.  
En esta Tesis Doctoral se presentan nuevas aproximaciones metodológicas para el desarrollo de 
herramientas metabolómicas utilizando diferentes técnicas analíticas, como la electroforesis capilar (CE), 
la cromatografía de líquidos (LC) y la cromatografía de gases (GC) acopladas a espectrometría de masas 
(MS), así como sus aplicaciones en aproximaciones relacionadas con la Alimentómica.  
La memoria está dividida en seis capítulos, en el Capítulo 1 se presenta como Introducción una amplia 
visión de la temática objetivo de esta Tesis Doctoral, así como sus fundamentos teóricos más importantes, 
y en el Capítulo 2 se describen los principales objetivos del trabajo realizado.  
El Capítulo 3 contiene cuatro Trabajos relacionados con el desarrollo de nuevas metodologías mediante 
CE y CE-MS y su aplicación en Alimentómica. En el primero (Capillary Electrophoresis in Food and 
Foodomics) y en el segundo (CE-MS in Food Analysis y Foodomics) de los trabajos contenidos en el 
Capítulo 3, se describe el potencial de las técnicas CE y CE-MS para el análisis de compuestos 
importantes en el área de la ciencia de los alimentos y se incluye una detallada descripción experimental y 
metodológica del uso de CE-MS para el análisis alimentómico. En el tercer trabajo del Capítulo 3 
(Potential of prodendronic polyamines with modulated segmental charge density as novel coating for fast 
and efficient analysis of peptides and basic proteins by CE and CE-MS) se investiga el uso de una nueva 
familia de polímeros como recubrimientos adsorbidos físicamente a la pared del capilar para el análisis de 
péptidos y proteínas básicas por CE-UV y CE-MS. En concreto, se investigan diferentes recubrimientos 
poliméricos basados en un homopolímero de 2-(3 (bis(2(dietilamino)etil)amino)propanamido)etil 
metacrilato (TEDETAMA) y tres copolímeros de TEDETAMA, estos últimos sintetizados con unidades 
neutras de N-(2-hidroxipropil) metacrilamida (HPMA) en diferentes porcentajes molares. Además de 





TEDETAMA también permiten invertir el flujo electroosmótico. Entre los polímeros investigados, el 
recubrimiento capilar con TEDETAMA-co-HPMA (50:50) presenta la capacidad de separar péptidos y 
proteínas en tiempos cortos de migración y con buena resolución. Además, el método desarrollado con 
este recubrimiento polimérico permite el análisis de proteínas básicas, tal como la lisozima, en muestras 
de alimentos como el queso.  
El cuarto trabajo del Capítulo 3 (Anionic metabolite profiling by capillary electrophoresis–mass 
spectrometry using a noncovalent polymeric coating. Orange juice and wine as case studies) está dirigido 
al desarrollo de una nueva estrategia analítica para el análisis del perfil metabólico de aniones por CE-
MS, empleando un recubrimiento capilar con el copolímero TEDETAMA-co-HPMA (50:50) con la 
finalidad de invertir y estabilizar el flujo electroosmótico. El empleo del mencionado copolímero como 
recubrimiento capilar catiónico permite la separación de metabolitos aniónicos en tiempos de análisis 
cortos y con alta reproducibilidad y eficacia.  
En el Capítulo 4 se desarrolla una aproximación metabolómica para evaluar el efecto de los compuestos 
bioactivos de romero, ácido carnósico, carnosol y rosmanol, en un modelo in vitro de células de hígado 
humano (HepaRG). Con el fin de maximizar la cobertura del metaboloma analizado, se ha empleado una 
aproximación metabolómica multiplataforma basada en GC-MS y LC-MS. La combinación de los 
resultados de las diferentes plataformas analíticas permite aumentar el número de metabolitos 
identificados y evaluar su expresión significativamente diferente en células HepaRG tras el tratamiento 
con los mencionados diterpenos de romero.  
En el Capítulo 5 se presenta una discusión general y en el Capítulo 6 se recogen las conclusiones finales 
de los principales trabajos realizados en esta Tesis Doctoral. Además, se incluyen como anexos a la 
memoria tres artículos de investigación que han sido realizados en colaboración con el Dr. Guillaume L. 






                                                                            Summary 
 
The completion of the human genome sequence led to the ―post-genomic era‖ that has made 
possible a better understanding of many biological processes through the development of the so-called 
―omics technologies‖. The main omics technologies developed so far have been genomics, 
transcriptomics, proteomics and metabolomics. However, the suffix ―-omics‖ is being used more and 
more in other fields in parallel to our growing knowledge about the huge possibilities of these omics 
technologies. In this sense, Foodomics has recently been defined as a new discipline that studies the food 
and nutrition domains through the application of advanced omics technologies to improve consumer’s 
well-being, health, and confidence. Foodomics offers a holistic approach to the study of food and/or their 
effects at molecular level.  
This PhD Thesis presents new methodological developments for metabolomics based on different 
analytical techniques, such as capillary electrophoresis (CE), liquid chromatography (LC) and gas 
chromatography (GC) coupled to mass spectrometry (MS), as well as several applications in Foodomics. 
The Thesis is divided into six chapters, Chapter 1 presents as Introduction a broad vision of the 
objective topic of this Doctoral Thesis, as well as its main theoretical fundamentals, and Chapter 2 
describes the main objectives within the scope of this PhD work. 
Chapter 3 contains four articles related to the development of new methodologies by means of CE 
and CE-MS and their application in Foodomics. The potential of CE and CE-MS for the analysis of 
important compounds in the area of food science is reviewed in the first (Capillary Electrophoresis in 
Food and Foodomics) and second (CE-MS in Food Analysis y Foodomics) article of this Chapter 3. In 
addition, it includes a detailed experimental and methodological description of the use of CE-MS in 
Foodomics. In the third article of Chapter 3 (Potential of prodendronic polyamines with modulated 
segmental charge density as novel coating for fast and efficient analysis of peptides and basic proteins by 
CE and CE-MS) the use of a new family of polymers has been investigated as capillary coatings for the 
analysis of peptides and basic proteins by CE-UV and CE-MS. Four different polymers have been 
evaluated, a homopolymer based on 2-(3-(bis(2(diethylamino)ethyl)amino) propanamido)ethyl 
methacrylate (TEDETAMA), and three copolymers that randomly incorporate TEDETAMA together 
with neutral units of N-(2-hydroxypropyl) methacrylamide (HPMA) at different molar percentages. The 
coatings based on TEDETAMA prevent protein and peptide interactions onto the capillary wall, and they 
have also demonstrated the ability to reverse the electroosmotic flow. Among the polymers studied, poly-
(TEDETAMA-co-HPMA) 50:50 copolymer has the ability to separate peptides and proteins in short 
migration times and with good resolution. Moreover, the method developed with this capillary coating 





The fourth article of Chapter 3 (Anionic metabolite profiling by capillary electrophoresis–mass 
spectrometry using a noncovalent polymeric coating. Orange juice and wine as case studies) is focused 
on the development of an new analytical strategy for anionic metabolite profiling by CE-MS using the 
TEDETAMA-co-HPMA (50:50) copolymer as capillary coating to reverse and stabilize the 
electroosmotic flow. The use of this cationic capillary coating allows the analysis of anionic metabolites 
in a short migration time, with good reproducibility and high separation efficiency.  
Chapter 4 addresses the development of a metabolomic approach to evaluate the toxicity of three 
bioactive compounds from rosemary (namely, the diterpenes carnosic acid, carnosol and rosmanol) on an 
in vitro model of human liver cells (HepaRG). In order to maximize the coverage of the analyzed 
metabolome, an analytical multiplatform based on GC-MS and LC-MS has been used. The combination 
of the results of the different analytical platforms enhances the number of identified metabolites that show 
a significant different expression in HepaRG cells after treatment with the aforementioned rosemary 
diterpenes.  
In Chapter 5 a general discussion is presented and in Chapter 6 the main conclusions from this 
PhD work are summarized. Finally, the Appendix section presents three research articles that have been 
























































































































































































1.1. COMPONENTES BIOACTIVOS DE LA DIETA 
Se considera un componente bioactivo de la dieta aquel que influye en la actividad celular y en los 
mecanismos fisiológicos aportando un beneficio para la salud más allá de la nutrición básica. Un gran 
número de estudios de investigación indican la existencia de efectos positivos para la salud, por ejemplo 
mejora de ciertas funciones o reducción del riesgo de padecer enfermedades, originados por algunos 
componentes de los alimentos. Un ejemplo destacado es el de las propiedades saludables de la ―Dieta 
Mediterránea‖ (Sofi y col., 2010; Gerber y Hoffman, 2015). La Dieta Mediterránea se caracteriza 
principalmente por un consumo elevado de compuestos fenólicos y ácidos grasos insaturados procedentes 
de fuentes vegetales (Gerber y Hoffman, 2015). Por ejemplo, los resultados preliminares del estudio 
PREDIMED (PREvención con DIeta MEDiterránea), en el que se evaluó la eficacia de la dieta 
mediterránea suplementada con aceite de oliva virgen extra o enriquecida con frutos secos (nueces, 
avellanas y almendras) en más de 7000 pacientes con riesgo cardiovascular, demostraron que los 
participantes presentaban menor frecuencia de infartos de miocardio, de accidentes vasculares cerebrales 
y de muerte por causa cardiovascular, que aquellos pacientes simplemente sometidos a una dieta baja en 
todo tipo de grasa (animal y vegetal) (Estruch y col., 2013). 
La mayoría de los compuestos bioactivos de origen vegetal son compuestos derivados del metabolismo 
secundario de las plantas, los cuales se sintetizan como mecanismo de defensa o adaptación al medio 
(Azmir y col., 2013). También están relacionados con las características sensoriales, tales como amargor, 
astringencia, color, sabor y aroma, así como con la estabilidad oxidativa de los alimentos de origen 
vegetal (Naczk y col., 2006). Desde el punto de vista químico, los grupos más importantes de los 
fitoquímicos derivados del metabolismo secundario son los compuestos fenólicos, los terpenoides, las 
sustancias azufradas y los alcaloides. Entre ellos, los compuestos fenólicos son uno de los grupos de 
compuestos más estudiados por sus potenciales beneficios para la salud (Manach y col., 2004). De 
acuerdo con el número de anillos fenólicos que contienen y según los elementos estructurales que los une, 
los compuestos fenólicos pueden ser clasificados en cuatro grandes clases: ácidos fenólicos, estilbenos, 
flavonoides y lignanos (Spencer y col., 2008). Ya han sido descritos más de 8000 compuestos fenólicos 
diferentes (Pandey y Rizvi, 2009), los cuales presentan una gran diversidad de estructuras químicas y de 
funciones. Pueden encontrarse en su forma más sencilla como ácidos fenólicos simples o en forma 
conjugada con otras moléculas como azúcares, proteínas, lípidos, ácidos carboxílicos o incluso a otros 
compuestos fenólicos (Bravo y col., 1998). El contenido y sus formas estructurales pueden variar según la 
variedad cultivada, condiciones agronómicas, condiciones de almacenamiento, clima, entre otros 
(Klepacka y col., 2011). El gran interés por los compuestos fenólicos se debe fundamentalmente a las 
numerosas evidencias que indican que el consumo de alimentos ricos en compuestos fenólicos presentan 
protección contra el cáncer (Dai y Mumper, 2010; Galati y Brien, 2004; Fresco y col., 2006), 
enfermedades cardiovasculares (Morton y col., 2000; de Pascual-Teresa y col., 2010) y 
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neurodegenerativas (Ramassamy, 2006), entre otras. Muchos de los efectos beneficiosos de los 
compuestos fenólicos han sido atribuidos a su actividad antitumoral (Carocho y Ferreira, 2013), 
antiaterogénica (Visioli y Galli, 2001; Szmitko y Verma, 2005), antiinflamatoria (Ríos y col., 2009; 
Hernández-Aguilera y col., 2013), antimicrobiana (Alves y col., 2013), antioxidante (Kaur y Kapoor, 
2001; Balasundram y col., 2006), etc. A pesar de este gran número de estudios, aún es necesario 
profundizar en el conocimiento de los mecanismos moleculares a través de los cuales los compuestos 
bioactivos de los alimentos ejercen su función; para ello, las técnicas masivas de análisis, como las 
técnicas ómicas, pueden proporcionar información de gran utilidad para profundizar en dicho 
conocimiento. 
 
1.2. TECNOLOGÍAS ÓMICAS. METABOLÓMICA 
Después de la secuenciación del genoma humano se inicia la llamada ―era post-genómica‖ a partir de la 
cual se plantea una visión integral de los procesos biológicos, que se ha visto reflejada en el desarrollo de 
las denominadas ―tecnologías ómicas‖. Las principales ómicas desarrolladas durante los últimos años son 
la genómica, la transcriptómica, la proteómica y la metabolómica. Sin embargo, el sufijo ―ómica‖ se está 
aplicando a numerosas ramificaciones que se están estableciendo a medida que se obtiene un mayor 
número de datos, como por ejemplo, lipidómica, glicómica, peptidómica, farmacogenómica, 
epigenómica, nutrigenómica, interactómica, etc. Recientemente ha surgido el concepto de ―alimentómica‖ 
(Cifuentes, 2009), definida como una nueva disciplina, que haciendo uso de las técnicas ómicas, permite 
abordar de una forma global aspectos relacionados con la calidad, seguridad y trazabilidad de los 
alimentos, y la relación existente entre los alimentos y la salud. Todas estas disciplinas están aportando 
avances sin precedentes en el conocimiento básico de los sistemas biológicos y su respuesta a factores 
ambientales como la dieta, la edad, la enfermedad, etc. Las diferentes tecnologías ómicas están 
permitiendo llevar a cabo nuevos enfoques en la investigación bioquímica y biomédica, ya que ya no es 
necesario partir de hipótesis de partida restringidas. De este modo, el uso de las técnicas ómicas permite 
iniciar nuevos estudios sin hipótesis previas y por lo tanto explorar de forma simultánea diversas vías y 
rutas metabólicas. A continuación se describe con más detalle la metabolómica al ser la técnica que se ha 
empleado en esta Tesis Doctoral. 
La metabolómica es la más reciente de las tecnologías ómicas y tiene como objetivo el estudio 
sistemático del conjunto de metabolitos (metaboloma) de una determinada célula, tejido, fluido biológico 
u organismo (Fiehn, 2001). Los metabolitos son las moléculas de bajo peso molecular (normalmente < 
1000-1500 Da), productos o intermedios de los procesos químicos o enzimáticos resultado del 
metabolismo celular. Se puede considerar que los metabolitos son los productos finales de la transcripción 
y la traducción. Sin embargo, los metabolitos también influyen sobre la transcripción genética a través de 
lo que se denomina circuito de retroalimentación, en el cual el flujo de información desde el genoma a 
través de transcriptoma y el proteoma hacia el metaboloma es bidireccional. El resultado de la compleja 
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interacción de los componentes de los diferentes niveles de expresión y los factores ambientales es lo que 
da lugar al fenotipo observado (Figura 1.1). 
 
 
Figura 1.1. Niveles funcionales y sus interacciones en los sistemas biológicos. 
 
A diferencia de los genes y las proteínas, los metabolitos no son específicos de una única ruta metabólica. 
En muchos casos, varias reacciones bioquímicas contribuyen a la producción de un determinado 
metabolito. Además, el metaboloma puede verse afectado por diferentes factores externos o internos, de 
modo que mediante la metabolómica podemos estudiar el efecto de un determinado estado del organismo 
debido a un estímulo exterior, a una enfermedad, etc. (Figura 1.2).  
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Las dos estrategias más ampliamente empleadas en metabolómica son el análisis del perfil metabólico y 
la determinación de la huella metabólica. En el perfil metabólico el análisis se dirige hacia un grupo de 
metabolitos con propiedades físico-químicas similares y/o que participan en una determinada ruta 
metabólica. En la huella metabólica el objetivo es la obtención del mayor número de señales analíticas de 
metabolitos de una determinada muestra. En este segundo caso no se conoce a priori qué metabolitos 
están presentes en la muestra, y típicamente, el objetivo del estudio es la clasificación de muestras y/o la 
búsqueda de biomarcadores. 
Uno de los mayores desafíos de la metabolómica es afrontar la complejidad de cualquier metaboloma, 
normalmente compuesto por un gran número de moléculas con propiedades fisicoquímicas muy diversas. 
Otro factor importante es el amplio intervalo de concentración de los metabolitos, que se estima que 
puede ser de más de nueve órdenes de magnitud, desde pM a mM (Dunn y col., 2005). Toda esta 
diversidad hace que el análisis completo de los metabolitos que forman parte de un determinado sistema 
biológico sea un gran reto desde el punto de vista analítico.  
Para abordar este reto analítico, las herramientas empleadas en metabolómica en la actualidad son la 
resonancia magnética nuclear (NMR) y la espectrometría de masas (MS). La NMR proporciona un 
método de análisis rápido, no destructivo, de alto rendimiento, y requiere una preparación mínima de la 
muestra (Lindon y col., 2003; Reo, 2002). En NMR la detección se basa en la frecuencia de resonancia de 
los núcleos de los átomos cuándo estos son expuestos a un campo magnético. Debido a la alta abundancia 




H-NMR ha sido empleada considerablemente en metabolómica; de hecho, cualquier 
molécula que contenga hidrógenos en células, tejidos o fluidos biológicos es potencialmente detectable. 
En menor frecuencia, otros átomos como el carbono (
13
C-NMR) y el fósforo (
31
P-NMR) también son 
objeto de detección por NMR, proporcionando información adicional sobre grupos funcionales de 
metabolitos específicos (Reo, 2002). En NMR la identificación estructural de los metabolitos se puede 
llevar a cabo mediante la comparación de los espectros obtenidos con los espectros de librerías (Ellinger y 
col., 2013). Como se ha comentado anteriormente, en NMR el tratamiento de la muestra es mínimo 
comparado con el necesario para el análisis por MS (Brennan, 2014), lo que es de gran utilidad en 
aplicaciones metabolómicas, en las cuales el número de muestras a analizar puede ser muy elevado. No 
obstante, una de las principales limitaciones de la NMR es la baja sensibilidad (Lenz y col, 2004; 
Psychogios y col, 2011) lo que reduce su aplicabilidad al análisis de los metabolitos de mayor abundancia 
en los sistemas biológicos (Dettmer y col, 2007). Por otro lado, la mayor sensibilidad (niveles de 
detección en el orden de ng/mL-pg/mL o incluso menores) y la gran selectividad de la MS en la 
identificación y cuantificación de una amplia variedad de metabolitos, han convertido a esta técnica en 
una valiosa herramienta en metabolómica (Dettmer y col., 2007; Dunn y Ellis, 2005). En MS se lleva a 
cabo en primer lugar la vaporización e ionización de los metabolitos y a continuación la separación de los 
iones en función de su relación masa-carga (m/z). En metabolómica, el empleo de analizadores de masas 
de alta y ultra-alta resolución es imprescindible dada la gran complejidad del metaboloma de cualquier 
muestra biológica, para cuya elucidación se requiere una elevada exactitud en la determinación de los 
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valores de m/z de los iones y de su abundancia isotópica (Junot y col., 2014). El analizador de tiempo de 
vuelo (TOF), el de tipo Orbitrap® y el analizador de resonancia de ion-ciclotrón con transformada de 
Fourier (FT-ICR MS), son los espectrómetros de masas que en la actualidad proporcionan mayor 
resolución y por tanto son los más empleados en metabolómica a pesar de su elevado coste. Por otro lado, 
la espectrometría de masas en tándem (MS/MS) permite adquirir espectros de fragmentación 
proporcionando información estructural adicional para su aplicación posterior en el proceso de 
identificación de los metabolitos de interés. En la siguiente Tabla 1.1 se muestra un resumen de los 
espectrómetros de masas de alta resolución más comúnmente utilizados en metabolómica. 
 
Tabla 1.1. Resumen de los espectrómetros de masas de alta resolución más comúnmente utilizados en metabolómica. Fuente: 
Junot y col. 2014. 
Tipo de analizador de masas 
 
Poder de resolución 
(FWHM)a 









TOF       
 TOF Hasta 20,000 ( 1000 m/z) < 1-2 Hasta 40 Hasta 20,000 10
4-105 
 Q/TOF Hasta 60,000 ( 1222 m/z) < 1-2 Hasta 100 Hasta 40,000 10
4-105 
 IT/TOF 10,000 ( 1000 m/z) < 2 10 Hasta 5,000 10
3 
Orbitrap       
 Orbitrap-Extractive Hasta 140,000 ( 200 m/z) < 1-3 Hasta 12 Hasta 6,000 10
3-104 
 LTQ-Orbitrap Hasta 240,000 ( 200 m/z) < 1-3 Hasta 8 Hasta 4,000 10
3-104 
 Q-Orbitrap Hasta 140,000 ( 200 m/z) < 1-5 Hasta 12 Hasta 4,000 103-104 
FT-ICR       
 LTQ-FT (7T) > 750,000 ( 400 m/z) < 1-1.2 1 Hasta 4,000 103-104  
 Q/FT (7T) > 1,000,000 ( 400 m/z) < 1-1.5 1 Hasta 10,000 103-104  
aPoder de resolución (FWHM): se define como la anchura a media altura que presenta un determinado pico/ion en un espectro de masas. 
bExactitud de la masa: mide la proximidad del valor registrado de m/z a su verdadero. Se calcula aplicando la siguiente fórmula ((m/z 
medido – m/z calculado) / m/z calculado) x 1,000,000. 
 
A pesar de las ventajas e inconvenientes de cada una de estas técnicas, los resultados obtenidos mediante 
NMR y MS aportan generalmente información analítica complementaria, necesaria a la hora de llevar a 
cabo un análisis del metaboloma lo más completo posible (Dettmer y col., 2007; Lei y col., 2011; Barding 
y col., 2012; Smolinska y col., 2012). Dada la importancia de la MS en metabolómica y siendo además 
ésta la herramienta analítica que se ha utilizado en la presente Tesis Doctoral, a continuación se llevará a 
cabo una descripción de las estrategias analíticas más empleadas con MS. 
 
1.2.1. Análisis directo mediante MS 
El análisis directo mediante MS tiene cada vez más importancia en aplicaciones de ―alto rendimiento‖ en 
metabolómica, en las cuales suele ser necesario el análisis rápido de un elevado número de muestras. 
Mediante el uso de una gran variedad de sistemas de introducción/ionización directa de la muestra en el 
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espectrómetro de masas se pueden obtener perfiles y huellas metabólicas en unos pocos segundos, al 
evitar cualquier etapa de separación previa a la detección por MS. 
La infusión directa (DI) y la inyección de flujo (FI) son las principales técnicas empleadas para 
introducir muestras líquidas en el espectrómetro de masas. Mientras que la DI se refiere a la ionización 
continua de una muestra estática, la FI consiste en inyectar una muestra en un flujo continuo que fluye 
hacia la interfaz de ionización. Los sistemas de ionización a presión atmosférica (API) son los más 
empleados cuando la inyección de la muestra se lleva a cabo por DI y FI (Draper y col., 2013). Entre los 
sistemas API, las técnicas de ionización por electrospray (ESI) e ionización química a presión atmosférica 
(APCI), esta última en menor proporción, son las más utilizadas en el análisis directo por MS empleando 
DI y FI. 
Para el análisis directo mediante MS de compuestos orgánicos en fase gaseosa, se utiliza principalmente 
la técnica de reacción de transferencia de protones (PTR) o la APCI. Ambos métodos se basan en la 
ionización por reacciones de las moléculas iónicas en fase gaseosa seguidas de su detección por MS. Los 
dos métodos difieren principalmente en la presión en el sistema; mientras que en APCI la ionización 
ocurre a presión atmosférica, en PTR la ionización se lleva a cabo a baja presión. Ambas técnicas se 
emplean para la obtención del perfil de compuestos orgánicos volátiles (VOCs) en una gran variedad de 
muestras biológicas (Biasioli y col, 2011; Dummer y col., 2011).  
La técnica MALDI (desorción e ionización por láser asistida por una matriz) es una técnica de 
introducción directa bien establecida en MS. Además de su uso generalizado para el análisis de polímeros 
y biopolímeros, principalmente péptidos y proteínas, también está cobrando importancia para el análisis 
de compuestos de bajo peso molecular. Una de las ventajas de la técnica MALDI con respecto a otros 
sistemas de introducción de muestra es la mayor tolerancia a los contaminantes presentes en la matriz de 
la muestra. Por otro lado, una de las principales limitaciones de la aplicación de MALDI-MS para el 
análisis de moléculas de bajo peso molecular es la supresión de la señal debido a los numerosos iones que 
produce la matriz química añadida a la muestra para la realización del proceso de desorción/ionización 
por láser. Estrategias tales como la sustitución de las matrices normalmente empleadas en MALDI por 
matrices basadas en iones líquidos u otros compuestos tales como la 9-aminoacrimida que interfieren 
menos con la señal de los metabolitos, se han empleado con éxito en estudios con un enfoque 
metabolómico (Vaidyanathan y col., 2006; Edwards y Kennedy, 2005; Miura y col., 2010). 
En los últimos años se han desarrollado numerosas técnicas de ionización ambiental con el objetivo de 
superar algunas de las limitaciones de los sistemas anteriormente mencionados, aumentando con ello el 
número de posibles aplicaciones metabolómicas mediante análisis directo por MS. La principal 
característica de las técnicas de ionización ambiental es la posibilidad de llevar a cabo el análisis directo 
de las muestras con poco o ningún pre-tratamiento de las mismas, y sin la necesidad del empleo de 
cámaras de nebulización cerradas sometidas a vacío como requiere por ejemplo la técnica MALDI. 
Diferentes tipos de técnicas basadas en distintos mecanismos de desorción/ionización, permiten llevar a 
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cabo el análisis directo de un gran número de compuestos con diferentes pesos moleculares y polaridades 
(Weston, 2010; Harris y col., 2011; Monge y col., 2013). Dos de los sistemas más prometedores en el 
campo de la metabolómica son DESI (desorción e ionización por electrospray) (Takats y col, 2004) y 
DART (análisis directo en tiempo real) (Gross, 2014). Mediante DESI un haz de microgotas cargadas 
eléctricamente es dirigido a una gran velocidad hacia la muestra de interés; al impactar sobre la superficie 
de la muestra, los analitos, que se disuelven en las microgotas cargadas eléctricamente, entran en el 
espectrómetro de masas donde son analizados (Figura 1.3A). Por otro lado, en la técnica DART se aplica 
un potencial eléctrico a una corriente de gas pre-calentado (normalmente helio o nitrógeno) para formar 
un plasma de iones y átomos excitados (Figura 1.3B). Este plasma, que se dirige a la superficie de la 
muestra, produce la desorción de las moléculas de bajo peso molecular (<1 kDa), que entran directamente 
al espectrómetro de masas para su análisis. 
 
 
Figura 1.3. Representación esquemática del funcionamiento de las técnicas DESI (A) y  
DART (B). (extraída y adaptada de Cooks y col., 2006). 
 
Las principales características de las técnicas de introducción directa de muestras en MS y sus principales 
aplicaciones en el análisis metabolómico, proteómico y peptidómico se describen en el Trabajo 1.3.1 que 
lleva por título ―The role of direct high-resolution mass spectrometry in foodomics‖ y que se anexa a este 
Capítulo. Además, en este trabajo se describen y se discuten las principales ventajas y limitaciones de 
cada técnica, así como los nuevos desarrollos en el área. 
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A pesar de las ventajas del análisis directo mediante MS, estas técnicas generalmente presentan 
limitaciones en su sensibilidad debido a los problemas de supresión iónica y baja eficiencia de ionización, 
así como a las interferencias que produce la matriz de las muestras biológicas normalmente analizadas en 
metabolómica. Además, no se van a poder diferenciar aquellos metabolitos que presenten el mismo valor 
m/z. La combinación de la MS con técnicas de separación de alta resolución reduce los efectos de la 
matriz, lo que lleva a una mejora en la sensibilidad, además de proporcionar información adicional sobre 
las propiedades fisicoquímicas de los compuestos, lo que ayuda a la identificación de los mismos 
(Dettmer y col., 2007). La cromatografía de líquidos (LC), la cromatografía de gases (GC) y la 
electroforesis capilar (CE) son las técnicas de separación más comúnmente empleadas en combinación 
con MS en metabolómica. 
 
1.2.2. Cromatografía de gases-espectrometría de masas (GC-MS) 
La técnica GC-MS ha tenido un papel fundamental en los inicios de la metabolómica, ya que este 
acoplamiento fue el primero en ser desarrollado debido a la compatibilidad entre la GC y la MS, ya que 
ambas operan en fase gaseosa. Todavía hoy la GC-MS se emplea ampliamente en metabolómica debido a 
su gran capacidad de separación, robustez instrumental y repetibilidad de los espectros de masas. En 
general la separación cromatográfica se lleva a cabo en columnas capilares de polaridad media-alta, a 
temperaturas de hasta 350 °C. La mayoría de los estudios metabolómicos basados en GC-MS emplean 
ionización por impacto electrónico (EI), y en menor medida ionización química (CI). En la ionización por 
EI el empleo de una alta energía de ionización (estandarizada a 70 eV) provoca que el proceso de 
ionización vaya acompañado por la fragmentación de los analitos. Una de las características más 
importantes del acoplamiento GC-MS es su capacidad para identificar picos desconocidos mediante el 
empleo de librerías de espectros, lo cual es posible gracias a la reproducibilidad de los procesos de 
fragmentación mediante el uso de condiciones estandarizadas en EI. En la actualidad hay diversas bases 
de datos espectrales, tales como NIST (Instituto Nacional de Estándares y Tecnología) (Babushok y col., 
2007) y Wiley (Roessner y col., 2000), comercialmente disponibles, o bases de datos de acceso libre, 
como Golm Metabolome Database (GMD) (Kopka y col., 2005) o MassBank database (Horai y col., 
2010), que permiten llevar a cabo la identificación de los metabolitos a través de la comparación del 
espectro de fragmentación experimental con los espectros de fragmentación contenidos en estas librerías. 
En algunos casos, estas bases de datos espectrales contienen también índices de retención altamente 
reproducibles, lo que aumenta la fiabilidad en la identificación de los metabolitos, dado que en este caso 
la identificación se lleva a cabo no solo por el patrón de fragmentación en MS, sino también por el índice 
de retención en GC (Kind y col., 2009). La CI es un método de ionización alternativo que puede ser 
utilizado para determinar el ion molecular, el cual en ocasiones no está presente en los espectros de EI-
MS debido a la alta fragmentación que puede producir este modo de ionización. Sin embargo, la CI 
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presenta una menor reproducibilidad de la señal obtenida en MS por lo que es un modo de ionización aún 
poco utilizado en metabolómica. 
Además de la reproducibilidad espectral anteriormente comentada, la GC es una técnica que proporciona 
alta resolución cromatográfica junto con una elevada reproducibilidad de los tiempos de retención. Sin 
embargo, es una técnica que solo permite el análisis de metabolitos que sean volátiles y térmicamente 
estables. Como la gran mayoría de los metabolitos primarios no son volátiles, para estos casos se requiere 
de una etapa de derivatización previa al análisis por GC. El objetivo principal de este proceso es la 
volatilización de compuestos polares, aunque también permite estabilizar metabolitos térmicamente 
lábiles y puede mejorar la eficiencia de la separación cromatográfica. El protocolo de derivatización más 
comúnmente empleado en metabolómica generalmente utiliza dos etapas (Koek y col., 2011). En una 
primera etapa se lleva a cabo la oximación de los grupos carbonilos, usando clorhidrato de metoxiamina, 
con el fin de inhibir la ciclación de los azúcares, proteger los compuestos α-cetoácidos frente a la 
descarboxilación y fijar los grupos carbonilos enolizables. A continuación le sigue un proceso de 
sililación de los grupos hidroxilo (-OH), carboxilo (-COOH), amino (-NH2), o tiol (-SH). En 
metabolómica los agentes derivatizantes más comunes son la N-metil-trimetilsilil-trifluoroacetamida 
(MSTFA) y la N,O-bis-trimetilsilil-trifluorocetamida (BSTFA). En algunas ocasiones, los agentes 
derivatizantes también pueden ir acompañados de un catalizador, como el trimetilsililclorosilano (TMCS), 
aunque algunos trabajos sugieren que su uso no produce mejoras significativas en el rendimiento de la 
derivatización (Koek y col., 2006). Otros procedimientos alternativos de derivatización como el uso de 
cloroformiato de etilo (Gao y col., 2009) son en general menos empleados en estudios metabolómicos. 
Una de las mayores limitaciones de esta estrategia analítica de sililación es que aumenta la complejidad 
de la etapa de preparación de la muestra e introduce mayor variabilidad en el análisis, además de producir 
en algunos casos más de un producto de derivatización lo que origina más de un pico cromatográfico para 
el mismo metabolito, dificultando el análisis posterior de los datos. 
Los analizadores de masas tradicionalmente más empleados en los acoplamientos GC-MS son los 
analizadores cuadrupolo (Q) y trampa de iones (IT). Sin embargo la nueva generación de plataformas 
GC-TOF MS combina la reproducibilidad y el alto poder de resolución de la GC con la sensibilidad, alta 
resolución y velocidad de adquisición de datos de los analizadores TOF, y por lo tanto son los más 
comúnmente empleados en metabolómica (Theodoridis y col., 2011). 
La configuración bidimensional completa GCxGC ofrece grandes oportunidades en metabolómica para 
mejorar la separación de los metabolitos que coeluyen en muestras muy complejas, aprovechando el 
poder de separación de dos modos de separación ortogonales. La configuración GCxGC más empleada en 
aplicaciones metabolómicas se basa en el empleo de una columna apolar seguida de una columna polar 
(Mondello y col., 2008). La tecnología bidimensional aporta grandes ventajas en cuanto a su poder de 
resolución, a expensas de tiempos de análisis más largos y la necesidad de instrumentación compleja y 
menos robusta (Jeong y col., 2013; Dettmer y col., 2013). 
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1.2.3. Cromatografía de líquidos-espectrometría de masas (LC-MS) 
La cromatografía de líquidos acoplada a espectrometría de masas (LC-MS) es actualmente la técnica más 
utilizada en metabolómica, debido principalmente a su versatilidad, sensibilidad y su capacidad para 
analizar una gran variedad de metabolitos. La resolución cromatográfica de esta técnica es inferior a la 
que proporciona la cromatografía de gases, sin embargo, permite la separación de compuestos 
termolábiles, con un mayor peso molecular y mayor polaridad sin la necesidad de una etapa previa de 
derivatización. La ionización por electrospray (ESI) es el modo más ampliamente utilizado en el 
acoplamiento LC-MS en aplicaciones metabolómicas (Gika y col., 2014). Por otro lado, la APCI está más 
indicada para el análisis de metabolitos apolares y se suele emplear con menor frecuencia en 
metabolómica (Theodoridis y col., 2012). La separación por LC depende de las propiedades 
fisicoquímicas de los metabolitos, lo que determina el modo de separación (fase estacionaria) y la fase 
móvil que deben ser empleados. En los estudios de metabolómica por LC, la fase inversa (RP) y la 
cromatografía de interacción hidrófila (HILIC) son los modos de separación más empleados. Aunque las 
separaciones mediante RP permiten el análisis de una extensa gama de metabolitos, presenta limitaciones 
en el análisis de especies polares y/o iónicas como, por ejemplo, ácidos orgánicos, aminoácidos, aminas, 
etc., debido a la baja retención de estos compuestos en la fase estacionaria de naturaleza hidrofóbica. En 
estos casos, el modo de separación por HILIC proporciona una separación complementaria a la obtenida 
por RP, y con frecuencia en los estudios metabolómicos se emplea la combinación de ambas. Por otro 
lado, la introducción de la cromatografía de líquidos de ultra alta resolución (UHPLC) con columnas 
rellenas con partículas de diámetro <5µm ha provocado una mejora significativa en la resolución 
cromatográfica, ha aportado mayor sensibilidad y ha proporcionado una gran reducción de los tiempos de 
análisis en comparación con los análisis clásicos por cromatografía de líquidos de alta eficacia (HPLC) 
(Wilson y col., 2005; Guillarme y col., 2010). En metabolómica, estos parámetros desempeñan un papel 
importante dado que una resolución y/o sensibilidad superiores significan una mejor cobertura del 
metaboloma. Por otro lado, la reducción de los tiempos de análisis aumenta el rendimiento de la técnica. 
Cada vez son más los estudios metabolómicos que combinan UHPLC con espectrometría de masas de alta 
resolución (Rodriguez-Aller y col., 2012). En buena parte de los estudios metabolómicos con UHPLC (y 
HPLC), se emplean analizadores del tipo TOF MS, ya que de esta manera se combina la alta resolución y 
velocidad de análisis del sistema de UHPLC con la sensibilidad, la alta exactitud de las masas (y alta 
resolución) y la velocidad de adquisición de datos de los analizadores TOF (Gika y col., 2014). La última 
generación de analizadores Orbitrap
®
 presentan gran resolución y exactitud en la medida de la masa, así 
como tiempos de adquisición compatibles con la técnica de UHPLC. Cada vez son más los estudios 
metabolómicos que emplean el acoplamiento UHPLC-Orbitrap MS (Ghaste y col., 2016), sin embargo, el 
número de aplicaciones es todavía inferior si se compara con UHPLC-TOF MS o UHPLC-Q/TOF MS. 
Por último, las desventajas de los equipos de FT-ICR MS son su menor velocidad de adquisición (1Hz), 
lo que limita su aplicación en acoplamientos LC-MS y CE-MS, y su elevado coste (Ghaste y col., 2016; 
Junot y col., 2014). 
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Recientemente, la espectrometría de movilidad iónica (IMS), la cual proporciona una separación de los 
iones en fase gaseosa en función de su movilidad (que a su vez está relacionada con el tamaño del ion a 
través del parámetro denominado sección eficaz de colisión o ―collision cross section, CCS‖), se está 
empezando a utilizar en combinación con la espectrometría de masas (Shah y col., 2013; Paglia y 
Astarita, 2017) en aplicaciones metabolómicas. 
En el Trabajo 1.3.2 titulado ―Foodomics: LC and LC-MS-based omics strategies in food science and 
nutrition‖, que se anexa al final de este primer Capítulo, se describe la importancia de la LC y del 
acoplamiento LC-MS en diferentes disciplinas ómicas como la proteómica, péptidomica, metabolómica, 
glicómica y lipidómica aplicadas en el área de la Ciencia y Tecnología de los Alimentos y la Nutrición. 
 
1.2.4. Electroforesis capilar-espectrometría de masas (CE-MS)  
La electroforesis capilar engloba a un conjunto de técnicas de separación basadas en la diferente 
movilidad electroforética de las especies a analizar en solución bajo la acción de un campo eléctrico, en el 
interior de un tubo capilar (Ewing y col., 1989). Ya se ha demostrado que el empleo de CE-MS en 
metabolómica es una potente herramienta analítica complementaria a LC-MS y GC-MS, ya que permite 
el análisis de los analitos iónicos y/o de mayor polaridad que son difíciles de analizar mediante las otras 
técnicas (Ibáñez y col., 2013). La interfase ESI es la más utilizada en la actualidad para el acoplamiento 
CE-MS, y a diferencia de la técnica LC-MS, la interfase ESI para CE-MS tiene como función, además de 
la vaporización e ionización de los analitos ya separados mediante CE, el cierre del circuito eléctrico a la 
salida del capilar. 
Existen diversos modos de separación en CE: electroforesis capilar zonal (CZE), electrocromatografía 
(CEC), cromatografía electrocinética micelar (MEKC), electroforesis capilar en geles o redes poliméricas 
(CGE), isoelectroenfoque capilar (CIEF) e isotacoforesis capilar (CITP). Estas distintas modalidades se 
diferencian principalmente en la naturaleza del medio de separación que se encuentra dentro del capilar y 
en las características de los analitos que se pretenden separar. Los modos de CE más adecuados para su 
acoplamiento con MS son CZE y CEC ya que son los que emplean tampones de separación compatibles 
(electrolitos volátiles) con MS (Hirayama y col., 2014; García y col., 2017). 
Al igual que ocurre con la técnica LC-MS, uno de los analizadores de masas más adecuados para el 
acoplamiento CE-MS es el analizador TOF MS, ya que proporciona, como se ha comentado 
anteriormente, una gran resolución y exactitud en la medida de las masas, junto con una alta velocidad de 
adquisición de los espectros de masas (Gika y col., 2014). De igual manera, los analizadores Orbitrap® y 
FT-ICR MS se emplean en menor medida en el acoplamiento CE-MS. En los últimos años se ha 
publicado un importante número de trabajos mostrando la capacidad de esta técnica para el análisis de 
perfiles y huellas metabólicas en una gran variedad de muestras (plantas, alimentos, fluidos biológicos, 
células, tejidos, organismos, etc.) (Ramautar y col., 2013; Ramautar y col., 2017). 
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En el Capítulo 3 de esta Tesis Doctoral se describe con mayor detalle el papel de la plataforma CE-MS en 
aplicaciones metabolómicas dentro del área de la alimentómica. Además, al final de este Capítulo 1 se 
incluye el Trabajo 1.3.3 que presenta una revisión bibliográfica titulada ―Recent advances in the 
application of capillary electromigration methods for food analysis and Foodomics‖ en la que se discuten 
las principales aplicaciones de la técnica de electroforesis capilar en el análisis de alimentos y en 
alimentómica, así como nuevos desarrollos y tendencias en esta área de investigación.  
 
1.2.5. Estrategias metabolómicas multiplataforma 
A pesar de los continuos avances y desarrollos en las diferentes técnicas analíticas anteriormente 
descritas, incluyendo sus múltiples acoplamientos, no existe una plataforma analítica universal que 
permita el estudio de todos los metabolitos presentes en el metaboloma de una determinada muestra 
biológica. A diferencia de otras tecnologías ómicas como la genómica, trascriptómica y la proteómica, en 
metabolómica es necesario emplear múltiples plataformas y configuraciones analíticas que maximicen la 
cobertura del metaboloma analizado. Por este motivo es cada vez más común en estudios metabolómicos 
la combinación de la información procedente de distintas plataformas analíticas (Ibáñez y col., 2012a, 
Ibáñez y col., 2012b). Esto se traduce en un aumento del conocimiento del metaboloma de los organismos 
o muestras en estudio y en el aumento de la probabilidad de éxito en el descubrimiento de potenciales 
biomarcadores. Por otro lado, la generación masiva de datos hace que el tratamiento de datos sea una 
etapa fundamental en cualquier estudio metabolómico. Cada vez más, las multiplataformas se están 
empleando en análisis metabolómicos en una gran variedad de campos de aplicación, como el clínico 
(Birungi y col., 2010; Suhre y col., 2010; Saric y col., 2012; Temmerman y col., 2012) y en investigación 
de los efectos de compuestos bioactivos de la dieta sobre la salud (Law y col., 2008; Martin y col., 2009; 
van Dorsten y col., 2010; Mellert y col., 2011; Jacobs y col., 2012). Este último aspecto se abordará con 


















































































































































































































































































































































1.3.1. The role of direct high-resolution mass spectrometry in 
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Abstract Foodomics has been defined as a global discipline
in which advanced analytical techniques and bioinformatics
are combined to address different questions in food science
and nutrition. There is a growing number of works on the
development and application of non-targeted omics methods
in foodomics, which reflects that this emerging discipline is
already considered by the scientific community to be a valu-
able approach to assess food safety, quality, and traceability as
well as for the study of the links between food and health. As a
result, there is a clear need for more rapid, high-throughput
MS approaches for developing and applying non-targeted
studies. Nowadays, direct MS analysis is one of the main
choices to achieve high throughput, generating a set of infor-
mation from the largest possible number of samples in a fast
and straightforward way. The use of high- and ultrahigh-
resolution MS greatly improves the analytical performance
and offers a good combination of selectivity and sensitivity.
By using a range of methods for direct sample introduction/
desorption/ionization, high-throughput and non-target analy-
sis of a variety of samples can be obtained in a few seconds by
HRMS analysis. In this review, a general overview is present-
ed of the main characteristics of direct HRMS-based ap-
proaches and their principal applications in foodomics.
Keywords Foodomics . High-resolutionmass spectrometry .
DirectMS . Food analysis . Food bioactivity
Introduction
Food analysis is a field in continuous progress, which is par-
ticularly driven by consumers’ rising demands for food safety
and quality. Food safety assessment involves the examination
of food for the presence of microbial hazards induced by bac-
teria, viruses, parasites, toxigenic molds, or microalgae, and
also for the presence of chemical compounds such as agro-
chemicals, environmental contaminants, veterinary drugs, and
allergens. Food quality focuses on the evaluation of those
attributes and properties that make food acceptable to con-
sumers. In an effort to improve food safety and quality, regu-
latory authorities have introduced the concept of traceability,
which ensures control and management through all stages of
food production, processing, and distribution [1]. Effective
traceability systems help in the prevention of fraudulent prac-
tices which, in most cases, focus on illicit economic gain.
Such practices may include adulteration, mislabeling, false
use of geographical indications, and deliberate fraudulent
practices (production, processing, and distribution), among
others, that have direct implications for the quality and the
safety of foods. Verification of compliance with food regula-
tions in terms of food safety and quality has been traditionally
approached using targeted analysis. This analytical strategy
involves a combination of procedures for sample preparation
and the subsequent analysis of one or a small number of com-
pounds (pesticides, toxins, proteins, DNA, etc.) from a com-
plex mixture. However, a major requirement to effectively
apply the targeted approach is to know the identity of the
compound before it can be detected, excluding its application
to the analysis of unknown compounds. Considering that
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limitation and the increasing requirements from administrative
authorities for control of food safety and quality with scientif-
ically based guarantees, the development of novel and com-
plementary non-targeted analytical methodologies is highly
advisable. Non-targeted methods combined with suitable che-
mometric tools have the potential to improve the breadth of
traditional targeted analysis and open up new prospects for
novel applications, providing the opportunity to explore for-
merly unanswered problems relevant to food science [2–4]. A
good example of this revolutionary view of food analysis is
the emerging discipline of foodomics. This discipline studies
the food and nutrition domains through the application and
integration of advanced omics technologies to improve con-
sumers’ well-being, health, and confidence [5]. Thus,
foodomics can be conceptualized as a global discipline in
which advanced analytical techniques and bioinformatics are
combined to address different issues in food science and nu-
trition. Another area in which foodomics has found an impor-
tant application is the investigation of the links between food
and health [6–10]. In this regard, the growing number of pub-
lished reports on the development and application of non-
targeted methods in foodomics studies reflects that this emerg-
ing area is already considered by the scientific community to
be a valuable approach to assess food safety, quality, and to
study the links between food and health [11, 12].
Hyphenated mass spectrometry techniques such as gas
chromatography–mass spectrometry (GC-MS), liquid chro-
matography–mass spectrometry (LC-MS), and, to a lesser ex-
tent, capillary electrophoresis-mass spectrometry (CE-MS)
have achieved great success in non-targeted applications.
Chromatographic or electrophoretic separation reduces ion
suppression effects originating from the sample matrix. How-
ever, the major drawback of hyphenatedMS-based techniques
lies in their limitation to analyze large sets of samples to detect
changes in composition in a fast and simple way. There is a
clear need for more rapid, high-throughput MS approaches for
non-targeted studies. Nowadays, direct MS analysis is the
method of choice to achieve the maximum high-throughput
production of information from the largest possible number of
samples. In direct MS analysis, any separation step prior to
MS detection is avoided and thus direct analysis of samples
(previously processed or not) is carried out. Without a chro-
matographic or electrophoretic separation minimal data pre-
processing is required, thereby simplifying the analysis and
increasing the speed, which makes it particularly attractive
when dealing with large sample sets.
The use of high-resolution mass spectrometry (HRMS)
greatly improves the analytical performance and offers a good
combination of selectivity and sensitivity. High mass resolution
and mass accuracy together with measured relative isotopic
abundance ratios are used to tentatively identify elemental for-
mulae of thousands of different compounds. In practice, com-
parison against a database of accurate masses is also used to
assign an identity. However, information other than just accu-
rately measured mass is needed to support compound identifi-
cation. Fragmentation of molecular ions produces a mass spec-
trum from which the fragments can be used to characterize the
molecule of interest. However, MS/MS spectra might vary de-
pending on the instrument used, the collision energy used, the
collision gas used, etc. Moreover, fragmentation mass spectra
are not always accurate in unequivocal identification of isomer-
ic compounds. NMR, which would allow full structure eluci-
dation, requires large amounts ofmaterial and thus low levels of
unknown compounds are likely to remain difficult to identify.
Matching against standards is also another strategy for identi-
fying unknown compounds. However, in many cases, no au-
thentic standards are available for comparison.
Several reports have recently reviewed the principles and
techniques of high-resolution mass spectrometers [13–15].
Fourier transform ion cyclotron mass spectrometry (FTICR
MS), especially at high fields, enables reliable assignment of
molecular formula for completely unknown small molecules.
The new generation of time-of-flight (TOF) instruments as
well as the Orbitrap technology offers exceptional sensitivity
at high resolution and sub-second scan speeds. By using a
range of methods for direct sample introduction/desorption/
ionization methods, high-throughput and non-target analysis
of a variety of samples can be obtained in a few seconds by
HRMS analysis. These direct methods provide innovative
ways to utilize available ionization methods and are especially
aided by high mass resolution and MS/MS capabilities. In this
review, a general overview is presented of the main character-
istics of direct HRMS-based approaches and their main appli-
cations in foodomics.
Direct injection
By using a variety of direct sample-introduction techniques,
non-target analysis can be carried out in a short time by direct
MS analysis. Direct infusion (DI) and flow injection (FI) are
the main techniques used to introduce liquid samples into the
mass spectrometer. While DI refers to the continuous ioniza-
tion of a static sample, FI consists of injecting a sample into a
continuous stream of organic phase flowing to the ionization
interface. Among atmospheric pressure ionization (API) tech-
niques, electrospray ionization (ESI) ion source and, to a less-
er extent, atmospheric pressure chemical ionization (APCI)
are the techniques typically employed in direct MS analysis
using DI and FI [16]. When using both DI and FI sample
typically needs to be treated to dissolve the compounds of
interest in the appropriate solvent. On the other hand, for the
direct analysis of organic compounds in gas-phase samples,
proton-transfer reaction mass spectrometry (PTR-MS) is
mainly used.
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DI-HRMS and FI-HRMS
In the food quality and safety field, much research has been
done on wine owing to its economic importance. Cooper and
Marshall presented the first attempts to prove the capabilities
of DI ESI-FTICR MS to fingerprint wine for classification
purposes [17]. At that time, the authors suggested that nega-
tive ionization mode was preferable to positive ionization be-
cause of a dominant sucrose peak in the latter mode which led
to limited mass spectral dynamic range. In a different work, a
Bmetabologeographic signature^ by DI ESI-FTICR MS of
barrel-aged wines was suggested [18] following observation
that the geographic origin and the species of oak wood influ-
enced the quality of wines matured in oak barrels. On that
occasion, the authors claimed that both positive- and
negative-ion data showed the same discrimination capabili-
ties. The same DI ESI-FTICR MS analytical platform was
employed to study champagne [19], specifically the differ-
ences between the chemical fingerprints of the champagne
bulk and the aerosol formed when a myriad of ascending
bubbles collapse and radiate a multitude of tiny droplets. As
expected, hundreds of chemical components with organolep-
tic properties or potential to be aroma precursors were ob-
served to be preferentially partitioned in the champagne aero-
sols rather than in the champagne bulk. In a different report,
DI ESI-FTICR MS was applied for wine classification sam-
ples obtained from different valleys, years of harvest, and
processing techniques [20]. The obtained results reinforced
the fact that the percentages of correct discrimination and
classification of wines depend on the variability of the samples
analyzed and the type of signals used for discrimination/clas-
sification. Moreover, the authors underlined the importance of
the mathematical model (built with spectral information) to
improve the percentages of classification. Fermentation pro-
cess monitoring as well as the addition of sugar or unferment-
ed must to wine has also been investigated with DI ESI-TOF
MS [21]. Recently, FTICR MS spectra of grape extracts and
wines were used to obtain complex chemical fingerprints of
thousands of compounds [22]; as an example, Fig. 1 shows
several of these complex chemical fingerprints. The impor-
tance of terroir and vintage effects on wine and grape
chemodiversities was demonstrated by DI ESI-FTICR MS;
however, the majority of the discriminant masses could not
be annotated, exemplifying the yet unknown chemical com-
plexity of grape and wine compositions [22]. Other beverages,
such as coffee, have also attracted interest. As an example, DI
ESI-FTICR MS was employed to analyze polar compounds
from coffee aqueous extracts and to explore the capabilities of
the technique as a fast method to predict the blend composi-
tion of the two most common varieties of the world’s coffee
production (robusta and arabica) [23].
Preliminary evidence of the utility of DI ESI-TOF MS for
edible oil authentication purposes was shown in 2002 by
Goodacre et al. [24]. Using minimal sample preparation, the
authors clearly separated olive oil from oils commonly used as
adulterants. Thereafter, characterization of edible oils by DI
ESI-MS has continued to receive considerable interest be-
cause of the large increase in demand for high-quality edible
oils. Compositional-based fingerprints of vegetable oils (ca-
nola, olive, and soybean) by DI ESI-FTICR MS were used to
characterize them and to detect and identify adulterants [25].
While fatty acids were found to be the most abundant com-
pounds in the negative-ion mass spectra, triacylglycerols and
diacylglycerols dominated the positive-ion mass spectra. DI
ESI-FTICRMS has also been applied to the study of rancidity
in macadamia nut oil [26]. As expected, different methods of
oil extraction and storage resulted in different levels of perox-
ides in the oil that are associated with rancidity. Moreover,
non-target analysis of macadamia nut oil extracts indicated
that, together with well-known free radical oxidation of fatty
acids, enzymatic activity also played an important role in ran-
cidity and, consequently, in oil quality. DI ESI-QqQ-TOFMS
and FIA ESI-QqQ-TOF MS were also employed to analyze
the lipid fraction and obtain a classification model to discrim-
inate between different types of hams in relation to the feeding
of the pigs [27].
DI ESI-FTICR MS also showed the potential to study ge-
netically modified maize samples [28]. Based on the FTICR
MS spectral data obtained in both positive and negative ESI
modes, differences between the metabolic profiles of trans-
genic and wild maize could be highlighted and elementary
compositions of specific GMO biomarkers were studied
(Fig. 2). Electrophoretic mobilities and m/z values provided
by the CE-TOF MS platform helped confirm the identity of
various isomeric compounds that could not be unequivocally
identified by FTICR MS, such as isomeric compounds.
Direct APCI-HRMS and PTR-HRMS
Dynamic measurements of the gas-phase volatile content are
possible with direct APCI-MS and direct PTR-MS. Both
methods are based on the ionization by gas-phase ion–mole-
cule reactions followed by MS. The two methods mainly dif-
fer in the pressure in the system: atmospheric pressure for
APCI-MS and low pressure for PTR-MS. APCI-MS has
proved to be a valuable technique for direct monitoring of
volatile organic compounds (VOCs). When using APCI for
the direct analysis of complex food samples, one can some-
times differentiate overlapping ions by inducing limited frag-
mentation of the compound by increasing the voltage before
the ions enter the mass filters, to obtain more spectral
information.
In flavor release applications, traditional GC-MS is time
consuming compared to direct APCI-MS. Ashraf et al. dem-
onstrated good correlation between both techniques [29], and
showed a rapid determination of key aroma compounds in
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beer by APCI-MS. This method permitted the time course of
flavor compound formation to be followed during fermenta-
tion and could also be used to differentiate beers [29]. Other
interesting applications can be found in the literature, such as
flavor release from French fries [30] and dried red bell peppers
[31]. In the latter case, the accurate mass measurements by
APCI-TOF MS allowed the differentiation between
compounds with the same nominal mass, but with different
elemental compositions.
PTR-MS, originally developed in the mid-1990s [32], is a
very interesting technology for fast and sensitive direct mea-
surement of volatile compounds in air, with no pretreatment of
the sample. PTR is a form of chemical ionization based on the
ionization by gas-phase ion–molecule reactions with the main
Fig. 1 (a) Scores plot and (b) loading plot of the PCA analysis of the
FTICR-MS data for wines (green), skin (pink) and must (blue) extracts of
the 2008 vintage from Côte de Nuits (CN) and Côte de Beaune (CB)
locations. The first two components retained 72.4 % of the variation.
Reprinted with permission from reference [22]
a
b
Fig. 2 2PLS-DA model (Q2(cum) = 0.52 and R2(Y) = 0.99) with six
different maize varieties analyzed by DI ESI-FTICR MS. Three GMO
and three Wild type (W). The score scatter plot underlines a different
pattern for the transgenic (they are represented in blue color) and
isogenic lines (red color). The different properties of the discriminative
masses (represented in blue and red in the loading plot) are investigated
with MassTRIX (www.masstrix.org). Reprinted with permission from
[28]
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primary ions H3O
+. The ionization principle is governed by
the proton affinity (PA) of the sample molecule, which has to
be higher than the PA of water, a criterion that is satisfied by
most VOCs. This is a soft ionization method, which often
does not lead to fragmentation of the product ions. It has been
suggested that PTR-MS allows more accurate quantification
owing to a controlled and efficient ionization, which also of-
fers higher sensitivity. PTR-MS enables the continuous on-
line detection of changes in the composition and quantity of
volatiles in food [33], among other types of sample [34]. The
application of this technique usually leads to a fingerprint of
the emission of VOCs profile from food samples for the study
of quality, fermentation, ripening, and processing. As an ex-
ample, PTR-MS has been used to investigate volatile finger-
prints of orange juices subjected to different thermal and pres-
sure treatments [35], classification of milk fats of different
qualities [36], prediction of freshness of bread [37], classifica-
tion of infant formulas according to different brands and phys-
ical forms [38], and prediction of sensory profiles of coffee
[39]. Special importance has been given to wine [40, 41] ow-
ing to the economic importance of this industry.
QuadrupoleMS has been employed in most published PTR-
MS works. The performance of the first PTR-TOF MS instru-
ment was demonstrated by Blake et al. in 2004 [42]. Since then,
improvements in mass resolution, mass range, and LOD have
been achieved [43]. Since the pioneering works in 2010 involv-
ing the analysis of VOCs by PTR-TOF MS to study the effect
of storage conditions of milk on the final quality of cheese [44]
and for monitoring of lactic acid fermentation of milk [45, 46],
a variety of applications have demonstrated the great potential
of this approach in the field of food science and technology.
Analysis of VOCs by PRT-TOF MS permitted the discrimina-
tion among different olive varieties and stage of ripeness [47],
as well as the monitoring of VOC release during post-harvest
ripening of different apple cultivars [48]. Classification of dry
cured hams produced following the indications of different
protected designations of origin (PDOs) [49] and different diet
of the pigs [50] was also achieved with PTR-TOF MS. Profil-
ing hundreds of peaks from volatile compounds to study the
evolution of volatile compounds during storage of dried porcini
was also possible by PTR-TOF MS [51]. Owing to the impor-
tance of coffee volatiles in flavor attributes of coffee the suit-
ability of PTR-TOF MS has been demonstrated in several
works. Thus, volatile profiles from ground coffees from differ-
ent origins were obtained by PTR-TOFMS and used to classify
samples according to geographic origin [52], to study the evo-
lution of the roasting process [53], and to monitor changes in
espresso coffee for investigating the impact of different param-
eters that affect extraction dynamics of flavor compounds (see
Fig. 3) [54]. In another type of practical application, the effect
of sugar concentration on the release of volatile compounds
both from cereal bars and from mouth during consumption
was investigated [55]. The influence of compositional and
structural-mechanical properties of yogurt matrices on the re-
lease of flavor volatile compounds has also been studied by
PTR-TOF MS [56].
PTR-TOF MS offers interesting advantages, which can be
optimally used for online breath analysis [57]. Although there
are some established and emerging clinical applications of
breath analysis [58], the full potential of PTR-TOF MS to
study complex effects of dietary factors on the generation of
breath compounds has not yet been exploited. Some works
have demonstrated the usefulness of PTR-TOF MS to inves-
tigate relationships between pathologies induced by dietary
regime and breath composition [59]. Several marker com-
pounds directly related to liver metabolism could be identified
in the exhaled breath of rats. Recently, breath analysis in
humans by PTR-TOFMS showed that coeliac disease patients
on a gluten-free diet presented the same breath profile as
healthy ones, demonstrating that at the time of breath analysis
they did not show any symptom of the disease [60].
In a recent study, APCI-MS and PTR-MS provided equiv-
alent results for the study of in vitro and in vivo flavor release
[61]. Although a higher degree of fragmentation was observed
with PTR-MS, similar response linearity and sensitivities
were obtained. One of the drawbacks of PTR-MS is that only
those compounds whose PA is larger than that of H2O can be
detected. Recently, with the introduction of the Bswitchable
reagent ionization^, it is possible to switch between H3O
+ ions
ionizing via proton-transfer reactions and NO+ and O2
+, or
Kr+ ions, thereby providing even greater analytical value
and extending the range of measurable compounds [62, 63].
Matrix-assisted and matrix-free laser
desorption/ionization
MALDI-MS is also a well-established tool and complemen-
tary to other soft ionization approaches, such as ESI. Unlike
ESI, MALDI affords higher tolerance towards contaminants
arising from the sample. Although the major research focus
has been on the analysis of large molecules (proteins),
MALDI-MS is also applicable to analytes with intermediate
and smaller masses. The main limitation in the application of
MALDI-MS to analyze small molecules is signal suppression
due to matrix background ions. Strategies, such as use of ionic
liquid-based matrices [64] or other matrix-assisted com-
pounds, such as 9-aminoacridine [65, 66], have been present-
ed for applications of high-throughput metabolomics. Other
approaches involve the use of matrix-free strategies to coun-
teract these interferences. The use of silicon surfaces has also
been proved to be effective and simple for high-throughput
analysis of small molecular weight compounds [67, 68].
MALDI-MS has been increasingly used in foodomics ap-
proaches because of its high sample throughput. Among other
applications, it has been used to determine the origin of food
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[69–71] and food adulterations [72–77]. The discrimination of
samples on the basis of their protein fingerprints usingMALDI-
MS is also an intense area of research [78–80]. For instance,
protein and maltooligosaccharide fingerprints from 17 different
brands of beer purchased at different time points were obtained
with a rapid and simple MALDI-MS method [80]. Beers of the
same brand but from different breweries were clearly discrim-
inated and most beers could be assigned to their brands. Milk
adulteration and contamination is also a topic of major interest
and has been extensively evaluated using MALDI-MS. Thus,
MALDI-TOF mass spectra were used to determine and quan-
tify the protein components of various types of milks (from
cow, sheep, and goat) with minimal sample pretreatment [73].
By using the whole spectrum of peaks obtained from the anal-
ysis, MALDI-TOF MS showed good potential for rapid detec-
tion of milk adulteration. Similarly the detection of fraudulent
addition of cow milk to sheep and goat milks (of higher value)
was investigated by MALDI-TOF MS [75]. Lipid profiles for
the analyzed milks showed a different abundance ratio of the
ions m/z 703 and 706 which was directly correlated with addi-
tion of cow milk into sheep or goat milks. Donkey milk was
also analyzed by MALDI-TOF MS in order to detect
contaminants and adulterations with bovine or goat milks
[76]. Protein profiles were obtained for goat, cow, and donkey
milks and their mixtures in the positive-ion mode without any
pretreatment and thus the enhancing speed of the method; un-
intended contaminations up to a limit of 0.5–2 % were deter-
mined and fraudulent mixtures with goat or cow milks were
detected using this method [76]. Similar limits of adulteration
(ca. 0.5 %) were also obtained throughMALDI-TOFMSmak-
ing it possible to detect adulteration of both donkey and goat
milks with other species’ milks (cow, ewe, and buffalo) on the
basis of their different proteomic profiles [77].
A MALDI-TOF MS method was also developed for the
authentication and quality control of 29 hazelnut (Corylus
avellana L.) cultivars based on the analysis of peptide and
protein components [71]. Hazelnut kernel samples were ana-
lyzed in the positive-ion mode and acquired in the m/z 3500–
15000 range. The unambiguous discrimination of the selected
cultivars was achieved on the basis of specific biomarker pat-
terns found in the kernels. Likewise, peptide profiles from the
aqueous extract of peanut kernel were analyzed by MALDI-
TOF MS [81]. The potential use of peanut extract as a food





























Fig. 3 (a) Set up for sampling VOCs from the coffee flow. Volatiles were
introduced into the dilution lancet by a flow created with a vacuum pump
and were then diluted 7.5 fold using dried compressed air containing a
standard for mass calibration. (b, c) Score plots for the three first
dimensions of PCA of the six capsule varieties: Ristretto Forte (RF),
Espresso Intenso (EI), Espresso Alba (EA), Espresso Classico (EC),
Lungo Fortissimo (LF), and Lungo Crema (LC)) using the full
extraction time corrected by weight of extracted coffee (G, H, I).
Reprinted with permission from [54]
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low phytate levels [81]. More recently, the effect of encapsu-
lation of fish oils on lipid oxidation was determined by
MALDI-TOF MS [82]. Powders obtained from emulsions
with different compositions were analyzed for water content,
encapsulation efficiency, matrix crystallinity, and oxidation
products. A trehalose/sodium caseinate matrix was shown to
be the most efficient for microencapsulation of polyunsaturat-
ed oils providing a spectrum very similar to the original non-
treated oil [82].
Ambient desorption/ionization
Recently, new ambient ionization techniques were introduced
to overcome some of the intrinsic limitations of ESI and
MALDI, thereby increasing the number of applications that
can be addressed using direct MS. The main characteristic of
ambient ionization techniques is that they allow direct
sampling/ionization of samples in open air or ambient envi-
ronment with little or no sample preparation. The sample is
positioned at the entrance of a mass analyzer in the open
environment and molecules released from the sample are ion-
ized and transferred to the mass spectrometer. A variety of
methods, based on different desorption/ionization mecha-
nisms, allow the direct MS analysis of a gamut of compounds
with a wide range of molecular weights and polarities
[83–85]. Among them, direct and desorption electrospray ion-
ization (DESI) and direct analysis in real time (DART) are still
the two most prevalent techniques.
DESI-HRMS
In DESI, which is mechanistically related with ESI,
electrosprayed aqueous droplets are directed to a surface of
interest in air and act as projectiles desorbing ions from the
surface as a result of electrostatic and pneumatic forces. Elec-
trical charge applied to the solution produces charged droplets,
which in aqueous solutions lead to an excess of hydronium
ions (H3O
+) or hydroxide ions (OH−), and hence to protonated
or deprotonated analytes, which are observable in the positive-
ion and negative-ion modes, respectively [86]. This mecha-
nism implies that the solubility of the analytes in the spray
solvent is an important consideration in DESI analysis. DESI
has shown better performance (i.e., higher tolerance to salts)
than direct ESI [87]. It can be applied across an extensive mass
range from small molecules to medium size proteins [88] and
causes minimum fragmentation. DESI-HRMS has also been
demonstrated to be a useful tool for multiresidue analysis of a
wide range of agrochemical (insecticides, herbicides, and fun-
gicides) in fruit surfaces [89].
Rapid DESI-TOF MS analysis (ca. 30 s) of sulfur volatiles
in several onion varieties made it possible to distinguish phe-
notypes (tearless and normal) as demonstrated by Joyce et al.
[90]. By using this approach, they confirmed decreased con-
centrations of the lachrymatory factor 3 and higher concentra-
tions of sulfenic acid condensates in a tearless onion variety.
Anthocyanin profile evaluation, used for detection of illicit
wine coloring, was also carried out by DESI-TOF MS [91].
A variety of anthocyanins could be detected in red wine sam-
ples from different vintages and cultivars, as well as in berries.
However, some isobaric compounds remained undistin-
guished, demonstrating the need for high mass accuracy mea-
surements to improve the applicability of DESI in anthocya-
nin analysis [91]. Analysis of less polar compounds is also
feasible by DESI-MS. Thus, Gerbig and Takáts [92] showed
that it was possible to detect triglycerides as alkali metal or
ammonium adducts by DESI-Orbitrap MS. Analysis of the
triglyceride content in edible oils and fats was carried out by
simply dispersing the oil on a glass slide which makes it an
attractive approach in high-throughput quality control appli-
cations in the food industry [92]. Only a few studies have been
undertaken to show the potential of DESI-MS for the investi-
gation of proteins (both standards and biological samples) [93]
and protein digests [94, 95]. Recently, Montowska et al. dem-
onstrated the potential of surface desorption/ionization
methods together with HRMS for meat protein/peptide anal-
ysis for authentication purposes [96]. After assessment of the
methodology with standard proteins (myoglobin, troponin C,
actin, bovine serum albumin, tropomyosin), ambient DESI
and liquid extraction surface analysis (LESA) demonstrated
the capability to discriminate subtle spectral differences be-
tween samples of meat from closely related species. The de-
tection of unique peptides from the most abundant proteins
specific to each species (bovine, horse, pig, chicken, and tur-
key) was achieved by both DESI- and LESA-Orbitrap. As can
be seen in Fig. 4 unequivocal discrimination between species
was achieved.
Paper spray [97], a technique with close connections to ESI
and nanoelectrospray, is an alternative to DESI for the analysis
of surfaces in foods [98]. The electrospray is induced from the
sharp tip of a triangular shaped piece of paper containing a
small amount of sample by applying a high voltage. Usually,
sample is loaded by dropping or by wiping the surface of
interest onto the triangular paper. It has also been modified
to directly analyze leaves of plants. Following this approach,
major sweet glycosides and their oxidation products were
identified from a fresh triangular piece of stevia leaf by using
an Orbitrap MS [99]. Among the stevia glycosides identified
by MS and MSn, rebaudioside D standard was used for semi-
quantitative determinations.
DART-HRMS
In DART, an electrical potential is applied to a heated gas
stream (typically helium or nitrogen) to form a plasma of
excited-state atoms and ions that desorb low molecular weight
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molecules from the surface of a sample [100]. DART is capa-
ble of analyzing low to high polarity compounds (up to 1 kDa)
in both negative- and positive-ion modes, either in solid or
liquid samples. DART produces relatively simple mass spec-
tra characterized in most cases by [M+H]+ in positive-ion
mode and [M−H]− in negative-ion mode. The majority of
systems have interfaced the DART ionization source with
TOF MS. DART-MS is gaining importance in foodomics,
particularly within the areas of contamination, food packag-
ing, authenticity, and adulteration [101, 102]. DART-HRMS
has shown great potential for multiresidue screening. Study of
contaminants present in fruits by exposing the peel (without
any pretreatment) to DART-HRMS is particularly interesting
owing to the high sample throughput and real-time identifica-
tion of compounds [103]. A total of ten different xenobiotics
could be tentatively identified in the different fruit samples.
Among them, imazalil was selected to explore quantitative
possibilities of the method and to carry out an unequivocal
identification by matching the isotopic cluster with the analyt-
ical standard. If no specimen pretreatment is carried out to the
surface, it might result in poor sensitivity. Thus, effective con-
taminant detection was possible by applying swabbing
methods on the surfaces of fruits and vegetables [104, 105].
Thus, by spiking different pieces of fruits with a complex
mixture of pesticides, it was demonstrated that swabs in-
creased sample throughput by reducing sample preparation
and analysis time [104]. A variety of contaminants, such as
acrylamide, can also be produced during food processing.
Mass spectral fingerprints obtained also by DART-Orbital
ion trap MS enabled high-throughput fingerprinting of biscuit
samples submitted to different heat-treatments applied during
the baking process [106]. Models for prediction of acrylamide
were obtained from chemical fingerprints by using partial
least square regression (PLSR) analysis to accurately predict
a b
c
Fig. 4 Differentiation between beef, pork, horse, chicken, and turkey
meat. a Average mass spectra of meat digest obtained using liquid
extraction surface analysis mass spectrometry (LESA-MS); b OPLS-
DA score plots of data sets collected using DESI-MS in the range of m/
z 400−1600 (n=125); cOPLS-DA score plots of data sets collected using
LESA-MS in the range ofm/z 400−1000 (n=50). B beef,H horse meat, P
pork, C chicken meat, T turkey meat. Reprinted with permission from
[96]
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the amounts of acrylamide formed during baking of biscuits
under various conditions of time and temperature. DART-
OrbitrapMShas also demonstrated potential in the study of other
unintended processes, such as lipid oxidation, which may occur
during processing/storage of vegetable oils and that can lead to
deterioration of both their nutritional and sensory quality [107].
Mislabeling, adulteration, false use of geographical indica-
tions, deliberate fraudulent practices, among others, have im-
portant economic implications in the food industry; and in this
field, DART-HRMS is undergoing rapid development.
DART-TOF MS has demonstrated the capability to classify
olive oils according to their quality grade, as well as adulter-
ation of extra virgin olive oil with other cheaper oils [108]. In
that work, triacylglycerols (TAGs) and TAGs together with
polar compounds dominated the spectral profiles of whole oils
and methanol-water extracts, respectively [108]. As expected,
differentiation of positional isomers of TAGswith two or three
different fatty acids was not possible by DART-TOF MS.
Analysis of non-polar fractions obtained from cheese by
DART-Orbitrap MS enabled fast recognition of cheese adul-
teration with poor quality vegetable oils. Discrimination was
based on detection of compounds arising from oxidation of
plant TAGs [109]. Authentication of animal fat through rapid
profiling of TAGs was also feasible by DART-TOF MS and
multivariate analysis [110]. Unequivocal identification of
TAGs detected in the samples and/or the differentiation
among their stereoisomers was not possible because of the
simultaneous desorption/ionization of all compounds present;
nevertheless, the resulting mass spectral fingerprints enabled
the creation of predictive models for animal fat classification.
Fraudulent practices of animal feeding [111], beer origin rec-
ognition [112], and identification of the origins of commercial
cubeb fruits [113] were also feasible through chemical finger-
printing by DART-TOFMS and subsequent multivariate anal-
ysis. DART-HRMS is also gaining importance in food char-
acterization of complex matrices, such as propolis [114] and
mustard [115], as a fingerprint-based approach for fast quali-
tative evaluation of food products. In the latter work, major
glucosinolates found in mustard were tentatively identified as
sinigrin and sinalbin. Standards of sinalbin and sinigrin were
then used for unambiguous identification and for semiquanti-
tative determination purposes [115].
DAPPI-HRMS
Desorption atmospheric pressure photoionization (DAPPI)
[116] is a different ambient ionization method that allows
the surface analysis of neutral and non-polar compounds,
opening up new possibilities for the analysis of compounds
poorly ionized byDESI. DAPPI uses the reactive chemistry of
APPI and the analytes from surfaces are desorbed by a heated
jet of gas and vaporized spray solvent [117]. DAPPI was
shown to have a better matrix tolerance and to cause less
contamination of the ion source when compared with DESI
[118]. DAPPI-MS has also been demonstrated to be a suitable
technology in environmental and food analysis [119]. How-
ever, so far low resolution mass spectrometers have been used
together with DAPPI and thus limited information could be
obtained from the analysis of food products (fish oil and but-
ter) [120].
Conclusions and final comments
Direct HRMS-based approaches combined with suitable che-
mometric tools are opening up new prospects in food science.
Combination of HRMS with direct sample introduction/de-
sorption/ionization methods is a promising approach in
foodomics, especially in food safety, quality, and authenticity
evaluation studies. Among direct MS-based approaches, am-
bient mass spectrometry is a very active area of research in
which modifications to existing methodologies are continu-
ously being introduced. Traditional barriers to MS analysis
of samples in their native states are being overcome by these
strategies, and analysis of surfaces in foods involving mini-
mum sample preparation is now possible by these approaches.
Non-destructive and real-time detection of volatile compound
by PTR-HRMS for the measurement of flavor in complex
food systems or in matrices undergoing time-dependent trans-
formations, or of food mastication, is also a very interesting
direct MS-based strategy. However, the inherent complexity
of food samples presents significant analytical challenges.
With the lack of chromatographic or electrophoretic separa-
tion prior to MS analysis, high-resolution mass spectrometers
are compulsory for characterization of complex samples.
There are several critical points in direct HRMS-based ap-
proaches. Without a preceding separation step, the sample ma-
trix can directly affect desorption and ionization processes. In
addition, isobaric interferences in the mass spectrum adversely
affect compound identification as well as other aspects of per-
formance. On the other hand, the high throughput and the
reduction of sample preparation time are the main advantages
of direct HRMS-based approaches over conventional hyphen-
ated techniques. These approaches are advancing the reliability
and accuracy of high-throughput non-target direct MS analysis
and are just the beginning of a new set of applications in
foodomics. In this regard, we foresee the development and
application of new direct HRMS methods that can help to
improve our understanding of the links between food and
health, a topic still to discover by direct HRMS practitioners.
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Abstract  
Foodomics is becoming a relevant approach to assess food quality, safety and traceability, in a 
robust, efficient, sensitive and cost-effective way. Omics technologies, as used in Foodomics, have 
the potential to improve the scope of traditional targeted analysis and open up new prospects for 
novel applications, providing the opportunity to explore formerly unanswered questions and 
problems relevant to food science. In this chapter, LC and LC-MS-based Foodomics techniques are 
described, and typical applications in food science are presented, including applications related to 
food composition, food safety, quality, nutrition and health. 
 
Keywords 




Foodomics has been defined by our research group as a new discipline that studies the food and 
nutrition domains through the application and integration of advanced Omics technologies to 
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improve consumer's well-being, health, and confidence [1]. Omics technologies have the potential 
to improve the scope of traditional targeted analysis and open up new prospects for novel 
applications, providing the opportunity to explore formerly unanswered questions and problems 
relevant to food science. These technologies are becoming relevant procedures to assess food 
bioactivity, quality, safety and traceability. Another important issue of Foodomics is to improve 
our limited understanding of the roles of food compounds at molecular level and, therefore, their 
implications on human health and disease. 
To carry out a Foodomics study, it is essential to make use of modern analytical approaches 
capable to provide molecular information on the different expression levels, i.e., gene, transcript, 
protein or metabolite. In this situation, scientists involved in developing new analytical methods 
play a crucial role in order to give a correct answer to these new needs. Analytical separation 
techniques such as liquid chromatography (LC) play a key role in Foodomics [2]. In this regard, the 
latest developments on new columns enable the reduction of the analysis time without 
compromising resolution and separation efficiency [3, 4]. Separated compounds of complex 
samples, especially in short analysis runs, require the use of powerful detectors with low response 
time, which ensure the acquisition of a minimum number of points per chromatographic peak [5]. 
In this sense, the coupling of LC with mass spectrometry (MS) is nearly an obligation, and it is the 
key analytical methodology on which the established Omics technologies such as proteomics, 
peptidomics, and metabolomics are based.In this chapter, the capabilities of LC (HPLC, UHPLC, 
nanoLC) and LC-MS technologies in the field of Foodomics will be discussed including some key 
applications. 
 
Fundamentals of Omics approaches based on LC 
Proteomics  
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Proteomics involves the comprehensive study of the complete set of proteins expressed in a 
biological system at a particular time under defined conditions [6]. In Proteomics, the 
identification and the quantification of proteins, as well as the study of the primary structure, 
conformation, and the location of these proteins in a place, space or time, can be addressed. The 
structural diversity of proteins and the wide dynamic range of expression (up to 6 orders of 
magnitude), make the study of the proteome a complex task. In addition to these difficulties, 
Proteomics must deal with other problems such as the alternative splicing (the same RNA 
molecule may lead to different proteins), and the post-translational modifications (or chemical 
modifications affecting the functionality of proteins in terms of activity, location and interaction 
with other cellular components such as proteins, nucleic acids, lipids or cofactors), among others. 
Sample preparation is the first critical step that affects the outcome of the entire proteomic 
analysis. Different extraction methods can be used depending on the matrix nature, protein 
target, and application. Tissue/cell disruption is the most common procedure when handling solid 
samples, followed by solubilization of proteins using different solvents. In addition, chaotropic 
agents, surfactants and reductants can also be employed to improve protein solubility. Because of 
the different nature of the proteins and the extreme complexity of biological/food samples, one or 
more fractionation, purification and/or separation steps are necessary prior to analysis by LC-MS. 
Moreover, sample clean-up is a critical step before protein analysis. Contaminants, such as salts, 
stabilizers, or detergents used in the extraction step can interfere with the results of LC-MS 
analysis, preventing the study of low-abundant proteins. 
Depending on the analytical strategy selected for the protein analysis, the proteomics studies can 
be categorized in two different groups, “top-down” and “bottom-up” approaches. Top-down is 
used for the comprehensive and characterization of the post transcriptional modifications present 
in proteins. It is based on the study of intact proteins previously separated by two-dimensional 
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polyacrylamide gel electrophoresis (2-DE) or LC, and their subsequent detection by MS analysis. 
Ions derived from the intact protein are isolated after the analysis of their mass, and then 
fragmented in the collision cell and detected by MS/MS [7]. Bottom-up is characterized by the 
enzymatic digestion of the proteins in their respective peptides prior the analysis by MS-based 
analytical tools. Briefly, by using gel-based approaches, proteins are separated by 2-DE or sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and once separated the proteins 
are submitted to an in-gel digestion before the analysis by MS-based approaches. Commonly, the 
spots of interest are excised from the gel and submitted to analysis by MALDI-TOF MS [8]. 
Alternatively, to achieve high-throughput analysis of proteomes, a “shotgun” proteomic approach 
can be used. By using this approach, digestion of proteins is carried out prior to separation 
process, and the resulting peptides are simultaneously analyzed by LC-MS [9]. 
In general, the separation of proteins by LC constitutes a slow process because of their high 
molecular weights and low diffusion coefficients, and as a consequence, long analysis times are 
usually required. Two different strategies have been developed in order to decrease analysis time 
by LC, and to enhance the resolution of proteins. The first one is to increase particle permeability 
by using wide pores, which enhance the mass transfer between the mobile and the stationary 
phases. The second option is to reduce the time required for molecules to diffuse in and out of the 
particle, which can be account by reducing the particle size. Other strategies developed to improve 
the protein analysis sensitivity are related to the dimension of separation columns. One approach 
is the use of longer columns and elution times [10], which has enabled the analysis of over 95 % of 
the yeast proteome in a single run. Another approach is to reduce the internal diameter from of 
4.0-4.6 mm (conventional columns) to 1-2.1 mm (micro), 0.1-1 mm (capillary), and 25-100 µm 
(nano). By decreasing the internal diameter of the column, the dilution of the analyte is lowered 
resulting in an increased sensitivity. In addition, the reduction of the column’s internal diameter 
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permits a decrease in flow-rate, with the consequent use of less mobile phase and the reduction 
of waste. Among the different chromatographic techniques used for protein/peptide separation, 
reverse phase (RP) chromatography is the most widely used, but other chromatographic modes 
such as strong cation exchange (SCX) [11], anion exchange (AEC) [12] or hydrophilic interaction 
liquid chromatography (HILIC)  [13] have also been used. 
Selection of the appropriate protein identification strategies depends on the type of proteomic 
approach. In top-down, identification uses the extremely accurate masses of intact proteins from 
high resolution MS as well as masses obtained from their subsequent collision-induced 
dissociation (CID) fragmentation. In the bottom-up approach, the identification of the original 
protein is determined by comparison of the experimental mass spectra of the peptides obtained in 
the digestion, with their corresponding theoretical masses stored in databases. Two strategies are 
mainly used here: the “peptide mass fingerprinting” and the “peptide sequencing”. In peptide 
mass fingerprinting, the list of experimental peptide masses are compared to the list of theoretical 
peptide masses stored in databases. In peptide sequencing, the molecular mass and spectrum 
fragmentation of each peptide generated are compared with the molecular masses and 
theoretical fragmentation spectra contained in proteomic databases. A variety of peptide and 
protein databases have been created, where information such as the sequence, molecular weight 
or biological activity are stored: NCBI (http://www.ncbi.nlm.nih.gov), SwePep 
(http://www.swepep.org), Erop-Moscow (http://erop.inbi.ras.ru), PeptideDB 
(http://www.peptides.be), Peptidome (http://www.peptidome.jp), Pep-Bank 
(http://pepbank.mgh.harvard.edu), IPI human protein database (http://www.ebi.ac.uk/IPI), 
BioPep (http://www.uwm.edu.pl/biochemia/index_en.php) or BioPD (http://biopd.bjmu.edu.cn), 
among others. In addition, different search engines software have been developed to facilitate this 
task, such as MASCOT [14], SEQUEST [15], Andromeda [16] and X!Tandem [17]. Moreover, 
6 
advances in bioinformatics have enabled the development and the combination of computational 
tools for in silico prediction and discovery of functional peptides information from the genome 
sequence (known as “reverse-genome engineering” [18]). 
Various approximations have been designed to quantify (absolute or relatively) the proteins [19]. 
These methods are generally divided into three main categories: “stable isotope labeling”, “label-
free” methods, and “multiple reaction monitoring” (MRM). Stable isotope labeling is the most 
widely used approach and several labeling methods have been developed. The isotope-labeling 
can be used after protein extraction with chemical labeling (the most common methods are 
Isobaric tags for relative and absolute quantitation (iTRAQ) [20] and stable isotope dimethyl 
labeling (DML)[21]), or in cell culture with metabolic incorporation (Stable isotope labeling with 
amino acids in cell culture (SILAC)) [22]. This approach enables the quantitation of two or more 
sets of peptides simultaneously by LC-MS analysis. The quantification is performed determining 
the relative intensities of the different labels of the peptides. In the label-free approach, the 
quantification is carried out measuring the peak areas or using the spectral counts of the peptide 
in an MS/MS experiment. This approach has the advantages of simplicity, cost, and the reduction 
of steps and difficulty of multiplex experiments. However, the quality of the quantification is 
strongly dependent on the reproducibility of the LC-MS data and on the bioinformatics tools used 
for processing. The MRM method is applied for detection and quantification of predetermined 
specific peptides with known fragmentation properties in complex samples. It explores the m/z 
transitions of a precursor ion and their fragments, considering both the chromatographic 
retention time and the signal intensity in the mass spectrometer. The selective nature of this 
method increases sensitivity by one to two orders of magnitude and the dynamic range of 




The term Peptidomics was introduced in 2001, and it is referred as the qualitative, quantitative 
and functional description of the whole biologically active peptides in a cell, tissue or organism 
[23]. The peptidome can be defined as the low-molecular weight subset of the proteome, 
including peptides and small proteins with molecular weights ranging from 0.5 to 15 kDa [24]. 
Many physiological functions in the organism are mediated by peptides, acting as 
neurotransmitters, hormones and antibiotics [25]. Peptides in the peptidome can be divided into 
two main categories: biomarker peptides cleaved by enzymes resulting from in vivo resident 
proteins, and bioactive peptides generated by all cell types in a specific microenvironment. On the 
one hand, biomarker peptides constitute a class of peptides which could reflect biological 
enzymatic states of individuals [26]. Their presence and concentration are used for diagnosis, 
prognosis and to monitor the treatment effectiveness of a disease. The primary resource for 
peptidome studies are body fluids because of their richness in disease-specific peptide and protein 
candidates. On the other hand, bioactive peptides are defined as specific protein fragments that 
have a positive impact on the functioning or conditions of living beings, thereby improving their 
health [27]. The bioactive peptides are encrypted as a part of a protein that remains inactive as 
long as it is confined within the protein, as it occurs in dietary proteins. Dietary proteins have 
gained an increased interest in the last years due to their possible health promoting effects [28]. 
These beneficial effects may occur because peptides from food sources can be structurally similar 
to the endogenous peptides and interact with the same receptors, acting as modifiers of food 
intake, growth factors, immune regulators, or antimicrobials in the host organism. Bioactive 
peptides can be released by in vitro or in vivo proteolysis or in a combination of both [29]. 
Traditionally, bioactive peptides in biological samples have been analyzed by immunoassay 
methods, which possess a high sensitivity. However, one of the mayor drawbacks of this method is 
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the requirement of previous isolation of the peptide to be analyzed to generate the antibody, 
which difficult the possibility of analyzing new peptides. Nevertheless, the development of 
different soft ionization methods such as ESI and MALDI enabled the ionization of peptides and 
their subsequent analysis through MS [30]. Among these two ionization methods, the ESI interface 
has become the method of choice in LC-MS coupling [31]. This hyphenation is a very selective and 
sensitive approach that enables the simultaneous analysis of a great number of peptides, as well 
as the identification of new ones. In addition, the ESI interface enables the use of small flow rates 
(below 200 nL/min) which improves the sensitivity (in the nanoliter/min range, electrospray can 
reach almost 100% ionization efficiency [32]). 
One of the main problems when analyzing peptides is the high dynamic range and the physico-
chemical diversity of peptides in biological or food samples, which make necessary the 
implementation of pretreatments to remove interfering components and a large reduction in 
sample complexity before the peptides enter the MS. The first step when analyzing peptides from 
a complex sample is their extraction. This extraction is usually carried out with acidic solutions of 
different organic solvents or water, followed by a deproteinization step through selective 
precipitation, filtration and/or centrifugation. Moreover, and because bioactive peptides are often 
present in biological samples at very low concentrations, enrichment procedures such as online 
solid-phase extraction (SPE) onto a pre-concentration column, can be used ([33]. After the 
extraction, purification and/or concentration of peptides, these are separated by LC before their 
analysis by MS. The most widely used material for this separation are columns with silica-based 
reversed-phase (RP) particles, among which, C18 phases are the most used when searching for 
bioactive peptides [34,35]. Ion-exchange chromatography (IEC) columns have also been 
extensively used [36-38]. The separation using these columns is based on the effective charge of 
the peptides. Among the different IEC columns available, the SCX columns are the most widely 
9 
used. In this case, all the peptides carry a net positive charge because of the use of acidic pH, and 
has been successfully applied in the analysis of endogenous bioactive peptides [36] or the isolation 
of bioactive peptides in food products [37,38]. Another chromatographic method that can be used 
to separate peptides is HILIC, in which a hydrophobic mobile phase and a polar column are used, 
and the retention increases with hydrophilicity of solutes. This method has been used for the 
analysis of Maillard reaction components in peptides [39], but it is not widely used because of the 
poor solubility of peptides in the high organic content solvents.  LC methods can be used as stand-
alone, but they can also be combined to increase the overall resolving power (multi-dimensional 
approaches). The most popular combination is SCX with RP [40-41], although RP-RP (under 
different pH conditions) and size exclusion chromatography (SEC) with RP [42] are also used (RP 
has a better resolution and is therefore used as the second dimension) [43]. Because RP is the 
most used separation mechanism, dozens of reversed-phase columns are commercially available 
designed to separate peptides, differing in length, particle diameter, internal diameter, pore size, 
hydrophobicity, pH stability, support material, etc. Acetonitrile is the most used mobile phase with 
trifluoroacetic acid (TFA) as an additive for separation of peptides. Nevertheless, TFA is usually 
replaced by other additives such as formic acid or acetic acid, because TFA can produce important 
losses of sensitivity in MS detection [44]. 
As it has been stated above, after the separation of the peptides using LC, the most common 
method to detect the peptides is MS. In Peptidomics, good sensitivity, mass accuracy, and the 
ability to fragment peptides through tandem MS are essential. Thus, the most common mass 
analyzers are quadrupole (Q), time-of-flight (TOF), ion trap (IT), Fourier transform ion cyclotron 
resonance (FT-ICR) and Orbitrap®. Quadrupole has a low resolving power but offers high 
reproducibility, and its combination with a TOF analyzer (with good sensitivity and resolving 
power) enables the MS/MS fragmentation. IT mass analyzer is characterized for the capability of 
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storing ions and the high detection speed, and its combination with a quadrupole offers the 
superior capability of specific modification detections [45]. FT-ICR MS has also been used to detect 
peptides biomarkers [46]. This analyzer has the highest mass accuracy and resolving power among 
all types of mass analyzers, and also provides MS/MS fragmentation function, although its high 
cost is an important limitation to consider. This fragmentation is imperative to determine the 
amino acid sequence of peptides, and can be achieved by various techniques such CID (collision-
induced dissociation), HCD (Higher-energy collisional dissociation), ETD (Electron-transfer 
dissociation) or ECD (Electron-capture dissociation), being CID the most commonly used. 
Quantification of small differences in peptide amounts between samples is also one of the most 
important and challenging tasks in Peptidomics. As already presented above, both labeled and 
label-free quantification strategies can be employed in Peptidomics [47,48]. 
 
Metabolomics 
Metabolomics involves the comprehensive study of the complete set of metabolites (i.e., the 
metabolome) in a certain biological system at a particular time under defined conditions. The 
metabolome is the complete set of small compounds (< 1500 Da) found within a biological system. 
In metabolomics, two different approaches can be followed: “metabolic profiling” and “metabolic 
fingerprinting”. Metabolic profiling focuses on the study of a large group of metabolites that either 
is related to a class of compounds or a specific metabolic pathway. LC-MS-based metabolic 
profiling in metabolomics involves the use of wide polarity gradients to cover as many  
metabolites as possible combined with full scan MS [49]. Metabolic fingerprinting refers to obtain 
a rapid classification of samples. The aim is to compare patterns or metabolite fingerprints that 
might be changed in a given biological system in response to a certain condition [50]. 
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The sample preparation is an important step in a metabolomics experiments. At the same time 
that fast and reproducible methods are required, these also should be able to cover a wide range 
of analytes with different polarities and/or select the aimed metabolite classes according to their 
chemical properties [51]. In order to prevent potential loss of metabolites in non-targeted 
metabolomics studies, biological samples should preferably be evaluated with minimal 
pretreatment. The sample pretreatment steps can be quite straightforward, separating low 
molecular weight compounds from proteins. The presence of proteins can influence the accuracy, 
precision, and instrument component lifetime (e.g. LC columns). In contrast, for targeted analysis 
some development and/or optimization procedures for sample pretreatment is generally 
necessary and the separation of metabolites from proteins often is followed by liquid extraction 
with organic solvents and/or solid-phase extraction for the selective isolation and enrichment of 
the target compounds, and removal of matrix interferences [52]. The final step during sample 
preparation generally involves evaporation in order to concentrate the analytes and reconstitution 
of the dry extracts using a smaller volume of analysis-compatible solvent [53]. 
Due to the complexity and dynamic nature of the metabolome, numerous analytical platforms 
have been used with the aim to cover the full spectrum of metabolites. Among them, nuclear 
magnetic resonances (NMR) and mass spectrometry (MS), the later often combined with a high-
resolution separation technique (LC, GC or CE), are the most employed. The combination of MS 
with a separation technique reduces the matrix effects and delivers additional information on the 
physicochemical properties of the metabolites [54]. 
Liquid chromatography (LC) has become one of the most used chromatography-MS technique in 
metabolomics together with GC-MS and in a less extent CE−MS [55]. LC-MS allows for the 
collection of both quantitative and structural information, and can achieve ppt (part-per-trillion, 
10-12) sensitivities [49]. The resolution and sensitivity play an important role in metabolomics. The 
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use of UHPLC improves significantly peak resolution, together with an increase of speed and 
sensitivity compared to HPLC [56], and result in better MS data quality due to reduced background 
noise. In metabolomics experiments, RP and HILIC are the most frequent LC-based separation 
methods. RP separation covers a large range of metabolites and also provides the most robust and 
sophisticated LC stationary phases. However, RP-LC shows limitations in the analysis of polar 
and/or ionic species (e.g. amino acids, organic acids, amines, sugar, and carbohydrates) due to 
poor retention of these analytes. In this case, HILIC provides a complementary separation to that 
obtained by RP-LC [57], and frequently the combination of both is used in metabolomics 
experiments. The usual method in RP-LC-based metabolomics uses a gradient of methanol-water 
or acetonitrile-water, supplemented with 0.1% formic acid. Low proportions of organic modifiers 
are generally added to the mobile phase in order to improve the separation efficiency, meanwhile, 
the selection of the correctly organic modifier is not generally easy and the favored modifier 
condition varies for different metabolites and the detection ion mode used [58]. In this regard, the 
use of different mobile phase additives, as well as acetic acid, formic acid, ammonium fluoride, 
ammonium formate, ammonium acetate, ammonium hydroxide and ammonium carbonate, have 
been studied [58,59]. HILIC uses polar stationary phases (e.g., bare or chemically modified silica, or 
polar polymers). In most cases, the mobile phase is polar organic solvent (most frequently 
acetonitrile and sometimes methanol) containing up to 30% water [60]. Generally, the applications 
use a gradient starting with a high percentage of acetonitrile (with at least 5% of water) followed 
by increasing the percentage of water. In this way, the more lipophilic compounds are poorly 
attracted to the stationary phase and elute quickly, whereas the more polar compounds are 
retained and only eluted when the polar water concentration is increased. Compounds are eluted 
in order of increasing hydrophilicity (chromatographic polarity relative to water). Compared to 
metabolomics methods conducted with RP columns, where most of the separations are conducted 
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under acid conditions, a much wider pH range is used in HILIC columns. Mobile phase additives 
such as ammonium acetate, ammonium formate, and ammonium hydroxide are used to increase 
the pH [61].  
After the separation, the ionization is the following step in LC-MS-based metabolomics analysis. 
Electrospray ionization (ESI) followed by atmospheric pressure chemical ionization (APCI) are the 
ionization techniques most used in LC-MS for metabolomics applications. ESI technique ionizes a 
wide range of medium polar and polar metabolites [49]. APCI is preferred for more non-polar 
metabolites and has been used in a smaller number of metabolomics works [49]. In order to 
expand the coverage of the metabolome, MS detection must be conducted in positive and 
negative mode. 
The majority of non-targeted metabolomics studies are currently performed using a combination 
of UHPLC with TOF MS. Such systems combine the high chromatographic resolution and speed 
provided by UHPLC with the high mass accuracy (typically <5ppm), excellent sensitivity and rapid 
data acquisition provided by TOF analyzers [57]. However, other mass analyzers (working in 
tandem or hybrid configuration) can also be used in LC-MS-based metabolomics. Some these are 
Orbitrap, IT, FT-ICR, and different combinations such quadrupole-time-of-flight (Q/TOF), 
quadrupole-ion trap (Q/IT), linear trap quadrupole Orbitrap (LTQ-Orbitrap) or linear trap 
quadrupole FT-ICR (LTQ FT-ICR) [62,63]. High resolution MS (HRMS), such as FT-ICR, Orbitrap MS, 
and TOF MS can provide very accurate mass measurements to facilitate reliable metabolite 
identification. Furthermore, the acquisition of accurate-mass MS/MS spectra provides additional 
structural information for metabolite identification [63]. Coupling LC with ion mobility MS (IM-MS) 
has also been exploited in metabolomics. Using IM-MS, gas-phase ions are separated based on 
their mobility (usually linked to the ions collision cross section, which is related to their shape and 
14 
size), charge and mass. The increase of selectivity, background noise reduction and the possibility 
to separate isomers are some contributions from this technique [64].  
Metabolomics approaches are in continuous evolution in food safety, food quality and traceability, 




Lipidomics is focused on the comprehensive study of lipids in a biological system [65]. Lipids can 
be classified into eight categories: fatty acyls (FAs), glycerolipids (GLs), glycerophospholipids (GPs), 
sphingolipids (SPs), sterol lipids, phenol lipids, saccharolipids, and polyketides [66], and each group 
of lipids contains a different combination of acyl chains. Due to this chemical diversity, the 
simultaneous analysis of the entire lipidome is considered an important challenge in the field of 
analytical chemistry. 
Lipidome analysis typically starts with the extraction of the lipids from the sample. Samples can be 
solid in nature (e.g., tissues) or highly complex biofluids (e.g., plasma, serum, urine, cyst fluid). 
Several sample preparation methods are described in the literature, although, usually the best 
results are obtained by using mixtures of solvents. In this sense, most lipidomics studies use some 
modified version of a procedure developed by Folch et al. in 1957 [67] and successively modified 
by Bligh and Dyer in 1959 [68]. Apart from these regular methods, alternative immiscible organic 
solvent systems were introduced by Matyash et al. (2008) [69] and Löfgren et al. (2012) [70]. 
In lipidomics, MS-based techniques are the best choice based on their higher sensitivity, molecular 
specificity, and the capability to obtain structural information. MS is often combined with LC or 
GC. Both approaches have their own advantages and limitations. Among them, LC hyphenated 
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with MS has become a very popular and widely used technique [71,72]. Besides of RP and HILIC 
separation modes, normal-phase (NP) is also frequently applied in lipids separation. In RP 
separation, lipid species with smaller chain are eluted earlier than those containing large chain, 
and polyunsaturated acyl structures are eluted earlier than saturated analogs [73]. HILIC and NP 
distinguish lipid species according to their hydrophilicity separating lipids in their respective 
classes according to their polarity [74]. Other chromatographic techniques used for lipid 
separation include supercritical fluid chromatography (SFC) [75], non-aqueous RP-LC [76], chiral LC 
[77], and silver-ion RP-LC [78]. Furthermore, for complete separation of complex lipids, a 
combination of different phase chromatography methods can be applied [79]. 
ESI and APCI are the preferred ionization modes when using the LC-MS coupling for lipidomics 
applications [72]. ESI is effective to ionize a wide range of lipids, meanwhile APCI is preferred for 
analyses of weak polar lipids such as fatty acids. Damen et al. [80] used RP-UHPLC together with 
IM-MS for the analysis of different lipid molecular species and lipid isomers. Intact lipid ions were 
separated based on their collision cross section values (CCS), mass, and charge. The fragment ion 
derived in the transfer cell was aligned with the precursors lipid ions, not only by retention time 
but also because the ion mobility. Such method cleans up the spectrum, showing only the 
fragment ions of that specific drift time [80]. 
 
Glycomics  
Glycomics is essentially the study of the complete set of glycans (the glycome) produced in a given 
cell or organism. Glycans may be present either as free oligosaccharides or as glycoconjugates 
such as glycoproteins and glycolipids. Protein-bound glycans include N-linked glycans, linked to an 
asparagine on the protein backbone, O-linked glycans, linked to either threonine or serine, or 
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glycosaminoglycans, highly anionic and polymeric oligosaccharides linked to serine or threonine 
[81]. 
The complexity of glycan structures and their versatility makes Glycomics very challenging. 
Complex mixtures of glycans are usually separated by LC or CE and detected by fluorescence 
detector (FLD) or MS [82]. Fluorescence detection requires fluorescently tagged glycans, and gives 
limited structural information, while MS can be applied on both native and derivatized 
oligosaccharides and provides structural information of glycans. LC-MS coupling is currently 
considered the technique of choice for  glycomics  due to the high sensitivity and capability to 
analyze complex biological samples [83-86]. 
Sample preparation for Glycomics usually requires to remove proteins and salts that might 
interfere with derivatization and detection. A clean-up step, such as liquid-liquid extraction (LLE) 
or solid-phase extraction (SPE), is required to remove excess salts, which can interfere with MS 
analysis. Derivatization methods, such as hydrazone formation [86] and permethylation [87] can 
be applied to improve the efficiency of chromatographic separation and to enhanced MS 
ionization and detection. Glycolipids are generally isolated by extraction using chloroform and 
MeOH and glycans are released from the lipid backbone with either enzymes or chemical cleavage 
agents [86]. The stepwise removal of terminal monosaccharides through the use of 
exoglycosidases provides an alternate method for obtaining structural information [85]. In the 
case of glycoproteins, sample preparation is designed to first release the glycans from the 
proteinaceous structure. There are several methods to release glycans, the most used to release 
N-glycans from the protein backbone is by peptide-N-Glycosidase F [82,84-85]. In contrast, no 
enzyme has so far been characterized that enable efficient release of all types of O-linked glycan, 
thus, O-linked glycome is released via a reductive β-elimination reaction [82,85].  
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HILIC and more recently porous graphitized carbon (PGC) are typically used for glycan analysis. In 
HILIC,  glycans interact with the stationary phase, applying often a gradient that consist of an 
aqueous part with some salt and/or acid and a less polar organic solvent, generally acetonitrile, 
with a gradual increase of the aqueous fraction (normally up to 50%) the elution of the glycans 
species is promoted [88]. The HILIC separation is predominantly based on the number of polar 
groups and size of the glycan species [89]. Meanwhile, in the PGC columns the mechanisms of 
separation are more complex and may be based on adsorption through hydrophobic, hydrophilic, 
and polar interactions [90]. Among several parameters, the ionic strength of the mobile phase and 
temperature plays an important role in the glycan retention in PGC stationary phase [90]. RP-LC 
[91] and anion-exchange chromatography [92] are also typically applied. Furthermore, others LC 
techniques such as microfluidic chip-LC [93] and nanoLC [94] have also contributed to the 
expansion of the glycome coverage. 
ESI is one the most widely used ionization method in glycomics analysis [90,91,93]. This ionization 
mode is particularly applied in glycomics studies due to its capability to generate multiple charged 
species without excessive fragmentation [95]. 
 
LC-based Foodomics applications  
As mentioned above, Foodomics involves the integration of several omics technologies for the 
study of a wide range of food aspects including bioactivity, safety, quality, authenticity and 
traceability. Considering the complexity of foods, integrated by a wide array of components with 
different chemical properties and different concentrations, and the novelty of the Foodomics 
approach, it is not surprising the scarce literature found on this topic. The number of works 
published is even lower when we look for the integration of several omics’ platforms following a 
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global Foodomics approach,  which implies not only handling multiple advanced analytical 
technologies but also using different bioinformatics and statistical tools. Some of the most recent 
applications of LC-based omics techniques to food bioactivity, safety, quality, authenticity and 
traceability are described below and summarized in Table 10.1. 
<TABLE 10.1. HERE > 
Food bioactivity 
One of the main goals of Foodomics is to expand our knowledge about the effect of  diet on the 
prevention of some diseases. Figure 10.1 shows a scheme of an ideal Foodomics strategy to 
investigate the health benefits from dietary constituents. To this aim, the integration of the 
information at the three levels of expression, namely genes, proteins and metabolites, is crucial. 
However, as mentioned above, only few works have addressed the integration of several omics 
platforms for the study of the effects of dietary components in human health. Thus,  a nutritional 
intervention study investigated the effect of a mixture of selected dietary ingredients (fish oil, 
green tea extract, resveratrol, vitamin E, vitamin C, and tomato extract) on overweight men 
suffering low-grade chronic inflammation [96]. Blood, urine and fat tissue samples were analyzed. 
Lipidomics analysis was performed by HPLC-MS using a C18 column and a ternary gradient [97], 
while metabolomics studies were carried out by GC-MS [97]. The results obtained were combined 
with those from large-scale profiling of genes and proteins, concluding that the mixture of 
ingredients tested induced several subtle changes indicative of modulated inflammation of 
adipose tissue, improved endothelial function, affected oxidative stress, and increased liver fatty 
acid oxidation. 
<FIGURE 10.1. HERE>  
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A global Foodomics strategy was developed and applied by Ibáñez et al. [98] to evaluate the 
bioactive effect of a polyphenol-enriched supercritical fluid extract (SFE) from rosemary on human 
HT29 colon cancer cells [98]. Metabolic profiling of control and rosemary-treated colon cancer 
cells was performed by UHPLC-Q/TOF MS using both RP and HILIC separation mechanisms, which 
enabled a wide coverage of hydrophobic and hydrophilic compounds. This coverage was extended 
by the additional use of capillary electrophoresis coupled to TOF MS (CE-TOF MS). Data integration 
of metabolomics, transcriptomic and proteomics platforms suggested that polyphenolic extract of 
rosemary exhibited antioxidant activity inside the colon cancer cells, together with the induction 
of apoptosis and cell cycle arrest; these three mechanisms can explain the antiproliferative (and 
therefore potential chemopreventive) effect of the extract. A follow up study was designed using 
different rosemary extract concentrations and treatment times, in order to identify changes in 
amplitude and kinetics of proteins altered over the time [99]. In that work [99], a comprehensive 
proteomic study based on nanoLC coupled to an Orbitrap MS together with stable isotope DML 
labeling concluded that rosemary polyphenols induced time- and dose-dependent proteomic 
changes that were related to the attenuation of aggresome formation and activation of autophagy 
to alleviate cellular stress. Most of the altered proteins were implicated in the activation of Nrf2 
transcription factor and the unfolded protein response, which corroborates the results obtained in 
the transcriptomic study [100]. Figure 10.2 shows the correlation between both Omics in terms of 
the direction and amplitude of the statistically significant mRNA and protein changes. With the 
aim of shedding light into the molecular mechanisms behind the chemopreventive effect of the 
polyphenol-enriched rosemary extract [101], the antiproliferative effect of the major compounds 
present in this extract, namely carnosic acid (CA) and carnosol (CS) [102], was evaluated. 
Metabolomic profiles obtained by HILIC/UHPLC-TOF MS and CE-MS were integrated with 
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transcriptomic results of control and treated colon cancer cells revealing that the observed 
antiproliferative effect was also linked to the alteration of the polyamine metabolism. 
<FIGURE 10.2. HERE>  
A more recent global Foodomics study including quantitative proteomics analysis using iTRAQ 
labeling and nanoLC-MS/MS was performed by Jia et al. [103]. The effect of supplementing parsley 
to C57BL/6J mice with dextran sodium sulphate-induced colitis, was evaluated. A global 
transcriptome, proteome and metabolome analyses using colon and liver tissues and plasma, was 
conducted. Down-regulation of inflammatory cytokines and cancer markers was observed, 
together with up-regulation of fatty-acid synthesis genes (thereby improving body weight loss). An 
up-regulation of molecules involved in the citric acid cycle and urea cycle suggested improved 
impaired glycolysis and oxidative stress. The authors proposed parsley as a novel nutraceutical in 
inflammatory bowel disease (IBD) management. 
There are many works in literature dealing with the study of nutritional biomarkers by a single 
omic platform, being of especial interest the functional study of bioactive compounds, as can be 
deduced from the many works reviewing the use of metabolomic, transcriptomic and proteomic 
approaches for the identification of diet-related biomarkers upon intervention studies [104-105]. 
In the following, some representative examples in which the employment of an HPLC-based omic 
approach combined with biological assays to reveal a particular bioactive effect will be shown. For 
instance, Fujimura et al. [106] investigated the ability of aqueous extracts from 43 Japanese green 
tea cultivars to inhibit thrombin-induced phosphorylation of myosin regulatory light chain (MRLC) 
in human umbilical vein endothelial cells (HUVECs). MRLC phosphorylation is a potential hallmark 
of vascular endothelial dysfunction, an early step in the development of atherosclerosis, which is 
associated with cardiovascular risk factors. Metabolomic profiling was performed in a C18/HPLC-
21 
IT/TOF MS instrument. Sunrouge cultivar strongly inhibited thrombin-induced MRLC 
phosphorylation that could be associated to its metabolic profile [106]. Suh et al. [107] developed 
a UHPLC-Q/TOF MS method using C18 as stationary phase and a gradient water/acetonitrile (both 
containing 0.1% formic acid) to study the metabolic profile of a mixture of Cudrania tricuspidata, 
Lonicera caerulea, and Glycine hispida (soybean), before and after fermentation, and its effect on 
high-fat diet (HFD)-fed mice [107]. The differences between antiobesity effects of fermented and 
non-fermented mixture could be partially explained by the differences in lysophosphatidylcholines 
with C20:4, C16:0, C18:2 and C22:6 found in plasma samples [107].  
Kunisawa et al. [108] applied a LC-MS/MS target lipidomics approach to identify 17,18-
epoxyeicostetraenoic acid as a major ω-3 eicosapentaenoic acid (EPA)-derived metabolite 
generated from dietary α-linolenic acid in the gut. 17,18-epoxyeicostetraenoic acid exhibited anti-
allergic function when administered in vivo to egg white ovalbumin-induced allergic mice [108]. 
The proposed method separated PUFAs’ (polyunsaturated fatty acids) metabolites in a C18 
column, using a binary gradient of water/acetate (100:0.1, v/v) and acetonitrile/methanol (4:1, 
v/v) [109]. Non-targeted plasma lipid profiling by UHPLC-IT/TOF MS was employed, instead, to 
evaluate the effect of the intragastric administration of the Chinese medicine Allium macrostemon 
in a rat model of depression [110]. Moreover, target MRM analysis by UHPLC-QqQ MS was 
performed for acylcarnitines. The concentration of several lysophosphatidylcholines as well as 
most medium- and long-chain acylcarnitines increased, while the concentration of some 
phosphatidylcholines and triglycerides decreased in the plasma of depressed rats. These changes 
indicated that depressed rats were associated with inflammatory conditions and an incomplete β-
oxidation of fatty acids. Most of these dysregulated metabolites were returned to their normal 
levels after treatment with A. macrostemon [110]. Further lipidomics applications in food 
bioactivity can be found in reviews from Hyötyläinen et al. [111] and Zhao et al. [112]. 
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Structure elucidation of glycans in Glycomics requires the employment of several analytical 
techniques, including HPLC, MS and NMR. Establishing a relationship between glycan structure 
and its biological function is an even more arduous issue to address; therefore, it is not surprising 
the very few studies on bioactivity of natural occurring glycans in food [113]. A very interesting 
comparison among different HPLC separation modes used in glycomics, including HILIC, RP, PGC 
and HPAEC, was reported by Brolk et al. [114] for the analysis of complex mixtures of neutral 
oligosaccharides [114]. HILIC mode proved to efficiently analyze oligosaccharides of different 
degree of polymerization, whereas PGC gave the best separation of samples composed of isomeric 
oligosaccharides with the same molecular weight (isobaric compounds). 
One of the main interests in glycomics is the study of milk oligosaccharides as potential bioactive 
molecules, as can be seen for instance in the work by Totten et al. [115] in which they developed a 
rapid throughput method for the analysis of unconjugated oligosaccharides in breast milk by 
nanoLC chip-TOF MS. A SPE protocol in 96-well plates allowed the processing of different samples 
simultaneously, which can be very attractive for its use in intervention studies. Over 250 
compounds were monitored, nearly 100 of which were assigned fully annotated structures [115]. 
Milk and dairy products are also an interesting source of bioactive peptides, which can be released 
during digestion or in exogenous processes as fermentation by certain lactic acid bacteria or by 
enzymatic proteolysis [116]. Other food sources of bioactive peptides are fish, eggs, meat, 
soybean, rice, sunflower and cereals [117]. LC-MS and MALDI-MS are techniques widely used in 
peptidomics analysis, occasionally combined with bioavailability assays (e.g., resistance of 
peptides to gastric digestion and subsequent intestinal absorption through the blood stream). 
Antioxidant activity and angiotensin converting-enzyme (ACE) inhibition (a measurement of 
potential antihypertensive effect) are among the most investigated peptide bioactivities. An 
example is the use of RP/HPLC-IT MS for the identification of antihypertensive peptides from a 
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bovine lactoferrin pepsin hydrolysate [118]; bioactivity of the hydrolysate against hypertension 
was evaluated in both in vitro and in vivo models [118].  NanoLC-LTQ-Orbitrap MS/MS was used 
for the identification of sarcoplasmic and myofibrillar fish peptides with potential antimicrobial 
activity [119]. In that work, 44 and 18 potential antimicrobial peptides were identified for 
sarcoplasmic and myofibrillar extracts, respectively [119]. 
In proteomics applications, SDS-PAGE fractionation prior to LC-MS/MS analysis (GeLC-MS/MS) 
[120] is sometimes used to achieve a better coverage of the proteome, which is essential to detect 
minimal changes with statistical significance. A GeLC-MS/MS approach was used by Yap et al.  
[121] to study the proteome of tiger milk mushroom (Lignosus rhinocerotis) sclerotium and the 
proteins related to its antiproliferative activity against human breast adenocarcinoma cells 
(MCF7); the bioactive protein was identified as a serine protease [121]. Quantitative proteomics 
using iTRAQ labeling combined with phosphopeptide enrichment and LC-QTRAP MS/MS analysis 
was proposed for the study of the bioactive effect of Artemisia dracunculus L. extract against 
insulin resistance [122]. Results showed that A. dracunculus extract increased phosphorylation 
levels of specific amino acids in proteins in the insulin-resistant state that are normally 
phosphorylated by insulin, thus, exerting insulin-sensitizing effects in skeletal muscle [122]. 
 
Food safety 
Food safety is a field of utmost importance in food science and analytical chemistry. Food 
production and distribution occurs in a global market and consumers worldwide are demanding 
high standards of food quality and safety, which has promoted the development of stringent 
regulations by governments [123-125] and international organizations [126]. As an example, the 
establishment of restrictive maximum residue levels (MRLs) in foodstuffs for certain contaminant 
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compounds has made necessary the validation of sensitive, accurate and fast analytical methods, 
many of them based on LC-MS [127-128]. The use of the state-of-the-art instrumentation in 
combination with –omics approaches represents a powerful tool to face the challenge of detecting 
potentially harmful chemical compounds and microorganisms present in food at trace levels. 
 
Chemical contaminants 
Current analytical methods aim the simultaneous determination of several families of 
contaminants or residues (multi-residue methods) in foods, increasing sample throughput and the 
capabilities of routine laboratories. Residues of pesticides and pharmaceuticals are the most 
investigated contaminants in food of plant and animal origin, respectively [129-130]. Target 
metabolomics approaches based on LC-QqQ MS/MS methods operating in MRM mode have been 
widely employed to simultaneously monitor more than 100 compounds, as they offer high 
selectivity and sensitivity. Usually RP methods using C18 fast columns and linear gradients water-
methanol or water-acetonitrile are able to separate a wide number of analytes in short analysis 
times, around 10 or 15 min. For instance, 104 pesticides were analyzed in olives samples in 15 min 
[131], or 238 pesticides were analyzed in Chinese cabbage and cucumber in 10 min [132]. A 
representative chromatogram of a Chinese cabbage sample spiked at low µg kg-1 level with 238 
pesticides is shown in Figure 10.3. A screening method developed by Robert et al. [133] allowed  
the analysis of 160 veterinary drugs in food of animal origin (egg, honey, milk and muscle samples) 
in 12 min [133]. 
<FIGURE 10.3. HERE (Adapted)>  
Despite the possibility of analyzing hundreds of compounds simultaneously and in short runs, the 
main disadvantage of target LC-MS/MS analysis is the previous knowledge required to set-up the 
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acquisition method: retention time and optimized MS/MS transitions for each contaminant 
monitored (which is done using commercial standards in most cases). HRMS detection can 
overcome this issue, allowing non-targeted analysis by accurate-mass acquisition. In addition, 
retrospective analysis of the samples can be done further on, in order to search for unknown 
contaminants or degradation products. Furthermore, non-targeted analysis can be aided by home-
made accurate-mass databases, which have been reported as useful tools for HPLC-HRMS multi-
residue applications in fruits and vegetables [134]. Other applications for large-scale multi-residue 
analysis include the use of target LC-MS/MS analysis using HRMS. For instance, Wang et al.  
monitored 451 pesticides in fruits and vegetables by UHPLC-Q-Orbitrap MS/MS [135]. 
The use of multi-residue methods covering a large number of chemical contaminants is desired, 
especially for routine analysis. However, there are some polar compounds that are not properly 
retained in RP columns and elute with the dead volume at the beginning of the chromatogram. 
These analytes require the development of particular HPLC methods that employs mixed-mode or 
HILIC columns [136]. In a very recent work, Inoue et al. [137] proposed the suitability of both RP 
and HILIC modes for the detection of unexpected  contaminations in infant formulas. Processing 
HPLC-TOF MS results with PCA allowed classification of the samples  for preliminary evaluation of 
contaminations with melamine, pesticides and heavy metals [137]. 
Independently of the separation and detection mode, sample preparation is a key point in the 
development of any multi-residue method. SPE and QuEChERS (Quick, Easy, Cheap, Effective, 
Rugged and Safe) are the most common methodologies for the analysis of contaminants in liquid 
and solid samples, respectively. In both cases, sorbent selection depends strongly not only on the 
target compounds but also on the food sample under study; in this sense, fatty foods are 
particularly challenging, occasioning strong matrix effects  in LC-MS methods. Therefore, 
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dedicated works have been published regarding the improvement of sample preparation methods 
to reduce matrix effects when analyzing chemical contaminants in this kind of foods [138-139]. 
 
Pathogens and Toxins 
Foodomics approaches have demonstrated to be useful tools to assess microbiological safety of 
food, through the detection of pathogens, toxins, and sub-products in food spoiled by 
microorganisms. Many efforts have been done to elucidate the proteome and secretome of food 
pathogens, whose knowledge constitutes a solid basis for applied studies on food spoilage and 
pathogens resistance. An example of the application of proteomics to the identification of 
microorganisms in food is the use of a proteomic method for the detection of Enterococcus 
faecalis spiked into milk, by MALDI-TOF MS and LC-IT MS/MS, using a zirconium hydroxide 
immobilization approach for pathogen isolation [140]. Besides, the combination of proteomics 
with other omics techniques can give a deep insight into the resistance and survival of pathogens 
to food processing conditions. In order to monitor changes during food processing, omics 
investigations of model microorganisms under stress conditions, such as temperature shock, 
osmotic pressure, high pressure and other factors such as the use of antimicrobials, have been 
performed to follow pathogens’ adaptation and reaction to extreme conditions *141]. 
Another aspect related to microbiological safety of food is the study of toxins generated by 
pathogens. Bacteria, fungi and microalgae may produce toxins in foods while leaving the food 
appearance, odor or flavor unaltered. Foodomics approaches have been shown to be very useful 
for the detection of toxins in food [142]. Mycotoxins or fungal toxins are secondary metabolites 
highly investigated due to their harmful effects and persistence (they remain unaltered after food 
processing). LC-MS metabolomic approaches are prone to the development of multi-residue 
27 
methods, sometimes together with pesticides and other chemical contaminants. For instance, an 
UHPLC-MS/MS method was developed for the analysis of 56 mycotoxins and mycotoxins 
metabolites in 12 feeding matrices (feeding cereals, complex compound feeds, extracted oilcakes, 
fermented silages, malt sprouts or dried distillers’ grains with solubles), with an overall run time of 
15 min [143]. On the other hand, proteomics methods have been demonstrated to be a good  
choice for the investigation of bacterial toxins, such as the method developed by Sospedra et al. 
[144] for the identification of staphylococcal enterotoxins A and B in milk and fruit juices [144]. 
Separation of enterotoxin proteins was carried out in a gradient water-acetonitrile (both with 0.5% 
acetic acid) in a C4 RP column in 13 min [144]. 
Algal toxins can be accumulated in fish and seafood, occasioning harmful effects to the consumers. 
Paralytic shellfish poisoning (PSP) toxins are a group of neurotoxins produced from dinoflagellates 
whose level has been regulated in mollusks to ensure food safety. Some official methods include 
HPLC with fluorescence detection, requiring a derivatization step, but some methods based on 
HPLC-MS have been proposed as alternative. For example, a chromatographic method was 
developed for monitoring PSP toxins in shellfish combining UHPLC separation of analytes in HILIC 
mode together with MRM tandem mass spectrometry detection [145]. 
 
Food Allergens 
Food allergies arise from an anomalous interaction between certain food components and the 
immune system. The eight food matrices that trigger the majority of food allergies are egg, fish, 
milk, tree nuts, peanuts, shellfish, soy and wheat. Most of the food allergies are caused by protein 
components and their degradation products; therefore, proteomics methods are used together 
with genomics and immunological methods such as ELISA (enzyme-linked immunosorbent assay) 
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for the detection of allergens in food. Comprehensive reviews on LC-MS methods for the 
proteomic analysis of allergen in food (the so-called “allergenomics”) have been performed, for 
instance, by Faeste et al. [146] and Koeberl et al.  [147]. Monaci et al. [148]reported the use of 
UHPLC-HRMS for the quantification of casein allergens potentially present in white wines as a 
result of wine fining by caseinate [148]. This label-free quantitative approach consisted on the 
monitoring of representative tryptic peptides. In a different work, non-targeted nanoLC-Q/TOF 
MS/MS method was used to identify the representative peptides of gluten [149]. The developed 
method was finally applied to gluten containing cereals (wheat, rye, barley and oats) and non-
gluten containing flours (corn, soy and rice). 
 
Food quality, authenticity and traceability 
Food integrity relies on food safety, quality, and authenticity. Food integrity has to be guaranteed 
by an appropriate traceability, which means the ability to track any food, feed, food-producing 
animal or substance that will be used for consumption, through all stages of production, 
processing and distribution. High-throughput methodologies employed in Foodomics provide 
valuable information on the precise composition of food products that can be directly correlated 
to their quality and to the different manufacture steps to which a particular food has been 
submitted. For instance, Hughey et al. [150] proposed a non-targeted metabolomics approach for 
the differential analysis of beer produced in two different years. The RP UHPLC-Q/TOF MS method 
consisted on a linear gradient water/acetonitrile (both containing 0.1% formic acid) that allowed 
the separation of the metabolites in 18 min. The developed method provided evidence of beer 
oxidation during storage by the detection of nonvolatile molecular indicators of oxidation in 
samples stored at room temperature prior analysis [150]. 
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Metabolomics studies have also a high importance in the determination of geographical origin of 
food. The use of metabolomics approaches based on LC-MS combined with statistical analysis 
allows the selection of appropriate markers to carry out geographical product certifications, such 
as protected designation of origin (PDO) or protected geographical indication (PGI). For example, 
metabolic profiling by UHPLC-Q/TOF MS permitted a successful discrimination of geographical 
origin of Goji berries, mainly because of the different flavonoid composition of the fruits from 
different Asian locations [151]. However, the identification of the markers of origin is a challenging 
task due to the wide variety of metabolite classes, similarities among samples and the presence of 
isobaric compounds. For instance, metabolomic fingerprinting of saffron by RP chromatography 
using a partially-porous column and Q/TOF MS detection enabled the identification of authenticity 
markers, while geographical markers could not be identified [152]. In this regard, 
multidimensional approaches offer an enhanced peak capacity, which in the practice means a 
better separation of compounds with similar retention behavior. Comprehensive two-dimensional 
liquid chromatography (LC × LC) using a HILIC × RP-LC separation combined with IT MS/MS 
detection has been applied for an in-depth characterization of the polyphenol and saponin profile 
of licorice with the aim of searching for potential markers of authenticity  and geographical origin 
[153]. 
Food fraud is another critical issue that has successfully been addressed by omics technologies. 
The high selectivity and sensitivity provided by the state-of-the-art instrumentation is capable of 
detecting food adulterants even at trace levels. For instance, an integrated metabolite profiling 
(GC-TOF MS) and lipidomics approach (UHPLC-LTQ/Orbitrap MS) was developed for the detection 
of the adulteration of beef with pork [154]. Different grades of beef mince and pork mince mixed 
at different percentage ratios were analyzed. The combination of metabolomic and lipidomic 
analyses with multivariate statistical processing revealed differential metabolites for the 
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identification of the two meat types. Those related to pork increased in line with the levels of 
adulteration of beef mince with pork. Additionally, there was a subset of metabolites which 
appeared to be directly correlated to the level of fat content in meat [154]. Proteomic methods 
have been also used for the authentication of food products [155].  A high-throughput proteomics 
method combined with non-targeted data acquisition and spectral library was developed for the 
authentication of fish [156]. MicroLC-MS/MS using two mass analyzers (IT and Q-Orbitrap) was 
used for the separation of the tryptic digests in 45 min. The method was found to be robust in 
different laboratories, and 94−97% of the analyzed flatfish samples were correctly identified, 
including processed samples [156].Proteomic profiling and metabolomic profiling have been also 
used to differentiate conventional food from organic [157] and transgenic foods [158], 
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Table 10.1. Some representative Foodomics applications based on LC methods. 
 
Food or ingredient under 
study 
Foodomics application Omic approach Reference 
 Food Bioactivity   
Mixture of selected dietary 
ingredients: fish oil, green tea 
extract, resveratrol, vitamin 
E, vitamin C, and tomato 
extract 
Bioactivity in low-grade 








Rosemary phenolic extract Chemopreventive effect 
against  human HT29 






Rosemary phenolic extract Antiproliferative effect 
against  human HT29 
colon cancer cells 
Proteomics [99] 
Carnosic acid and carnosol Chemopreventive effect 
against  human HT29 




Parsley Bioactivity in a dextran 
sodium sulphate - induced 






Water extract of green tea 
from 43 Japanese cultivars 






fermented mixture of 
Cudrania tricuspidata, 
Lonicera caerulea, and 
Glycine hispida (soybean) 
Antiobesity effects in 
HFD-diet mice 
Metabolomics [107] 
Dietary oil rich in w-3 fatty 
acids 
Anti-allergy effect against 
egg white ovalbumin-
induced allergy in mice 
Lipidomics [108] 
Allium macrostemon Anti-depressive effect in a 
rat model  
Lipidomics [110] 
Human breast milk Bioactive unconjugated 
oligosaccharides 
Glycomics [115] 
Bovine lactoferrin pepsin 
hydrolysate 
Antihypertensive peptides Peptidomics [118] 
Fish muscle Antimicrobial peptides Peptidomics [119] 
Tiger milk mushroom 
sclerotium 
Antiproliferative activity 








sensitizing effects in 
skeletal muscle 
Proteomics [122] 
 Food safety   
104 pesticides in olives Food safety Metabolomics [131] 
238 pesticides residues in 
Chinese cabbage and 
cucumber 
Food safety Metabolomics [132] 
Screening of 160 veterinary 
drugs residues in egg, honey, 
milk and muscle samples 
Food safety Metabolomics [133] 
Screening of pesticides in 
fruit and vegetable samples 
Food safety Metabolomics [134] 
451 pesticide residues in fruit 
and vegetable samples 
Food safety Metabolomics [135] 
24 highly polar pesticides in 
oranges 
Food safety Metabolomics [136] 
melamine, pesticides 
and heavy metals in infant 
formulas 
Food safety Metabolomics [137] 
Enterococcus faecalis in 
nonfat dry milk 
Food safety Proteomics [140] 
56 Mycotoxins and 
mycotoxins metabolites in 12 
animal feeding matrices 
Food safety Metabolomics [143] 
Staphylococcal enterotoxins 
A and B in milk and fruit 
juices 
Food safety Proteomics [144] 
PSP toxins in shellfish Food safety Metabolomics [145] 
Casein allergens in white 
wines 
Food safety Proteomics [148] 
Gluten in cereals (wheat, rye, 
barley and oats) and flours 
(corn, soy and rice) 
Food safety Proteomics [149] 
 Food quality, authenticity 
and traceability 
  
Beer Food quality Metabolomics [150] 
Goji berry Food authenticity and 
traceability  
Metabolomics [151] 
Saffron Food authenticity and 
traceability  
Metabolomics [152] 
Licorice Food authenticity and 
traceability  
Metabolomics [153] 
Adulteration of beef with 
pork 





Flatfish Food authenticity Proteomics [156] 
 
Figure captions  
Figure 10.1. Scheme of an ideal Foodomics strategy to investigate the health benefits from dietary 
constituents, including methodologies and expected outcomes. Reprinted with permission from 
[98]. Copyright 2012 Elsevier. 
Figure 10.2. (A) Scatter plot of mRNA versus protein expression ratios (log2) of HT-29 cells exposed 
to TGI concentration of SC-RE for 24h. (B) Principal component analysis of HT-29 cells incubated 
with GI50, TGI, and LC50 concentrations of SC-RE for 2, 6, and 24 h. Reprinted with permission 
from [99]. Copyright 2016 American Chemical Society. 
Figure 10.3. Chromatogram of 238 pesticides at a spiked level of 8 µg kg-1 in Chinese cabbage 
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This review work presents and discusses the main applications of capillary electromigra-
tionmethods in food analysis andFoodomics. Papers thatwere publishedduring theperiod
February 2013–February 2015 are included following the previous review by Garcia-Can˜as
et al. (Electrophoresis, 2014, 35, 147–169). Analysis by CE of a large variety of food-related
molecules with different chemical properties, including amino acids, hazardous amines,
peptides, proteins, phenols, polyphenols, lipids, carbohydrates, DNAs, vitamins, toxins,
contaminants, pesticides, residues, food additives, as well as small organic and inorganic
compounds. This work includes recent results on food quality and safety, nutritional value,
storage, bioactivity, as well as applications of CE for monitoring food processing. The use,
among other CE developments, of microchips, CE-MS, and chiral CE in food analysis and
Foodomics is also discussed.
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Abbreviations: AA, amino acid; AD, amperometric detection;
BA, biogenic amine; BPA, bisphenol A; -CD, -cyclodextrin;
-LG, -lactoglobulin; CA, carnosic acid; CAs, carrier am-
pholytes; CEIA, CE-based immunoassay; cIEF, capillary iso-
electric focusing; cITP-cITP, column coupling capillary iso-
tachophoresis; CL, chemoluminescence; CLE, chiral ligand
exchange; CN, caseins; CSEI, cation-selective exhaustive in-
jection; DFMO, difluoromethylornithine; DLLME, dispersive
liquid–liquid microextraction; DSP, diarrheic shellfish poi-
soning; ECL, electrochemiluminescence; ED, electrochem-
ical detection; EDC, endocrine disrupting compound; FA,
fatty acid; FASI, field-amplified sample injection; FASS, field-
amplified sample stacking; FESI, field-enhanced sample in-
jection; FID, flame ionization detector; FITC, fluorescein
isothiocyanate; FLD, fluorescence detection; GABA, gamma-
aminobutyric acid;GC-FID, gas chromatography coupledwith
flame ionization detection; GM, genetically modified; HMF,
5-hydroxymethylfurfural; HMW-SS, high-molecular-weight
secalin subunits; HRMS, high resolution MS; IF, infant milk
formula; LLE, liquid–liquid extraction; LVSS, large volume
sample stacking;MeI, methylimidazole;MIP, molecularly im-
printed polymer;MRL, maximum residue limit;MSS, micelle
to solvent stacking; MWCO, molecular weight cutoff; NACE,
nonaqueous capillary electrophoresis; NGS, next-generation
sequencing; NSAID, nonsteroidal anti-inflammatory drug;
OG-SE, oregon greenTM 488 carboxylic acid-succinimidyl es-
ter; OPA-AA, o-phthalaldehyde labeled AA; OS, oligosaccha-
rides; OT, open-tubular; PCA, principal component analysis;
PMP, 1-phenyl-3-methyl-5-pyrazolone; QD, quantum dot; RP,
ractopamine hydrochloride; SPME, solid-phase microextrac-
tion; SRMM, stacking in reverse migrating micelles; UF,
ultrafiltration
1 Introduction
The development of new analytical methods and tools is
crucial to assess food safety, the first step for food analysis.
Detection of exogenous compounds (agrochemicals, environ-
mental contaminants, veterinary drugs, etc.) is a major con-
cern in food safety. Apart of the negative impact on human
health, food contamination has also major economic costs.
Quality and safety assessment as well as the evaluation of
other biological properties of foods imply the use of robust,
efficient, sensitive, and cost-effective analytical methodolo-
gies. These new analytical methods are also demanded by
research laboratoires, regulatory agencies, and food compa-
nies, to corroborate the effect of diet on health. In this sense,
regulatory authorities are requiring fully substantiated health
claims linked to the so-called functional foods and nutraceu-
ticals.
CE is a versatile technique that has found a huge num-
ber of applications in food analysis and Foodomics [1–5],
as can be also corroborated from the information given in
Table 1 [6–29]. Thus, due to its high separation efficiency,
extremely small sample and reagents volume requirements,
and rapid analysis, CE has demonstrated to be a very use-
ful analytical tool in food science. In a rough classification,
CE tools can be employed in two main approaches. The
first one, the most common, is the use of CE for targeted
analysis, which is mainly carried out for quality and safety
assessments. The second approach is the use of CE for
Colour Online: See the article online to view Figs. 1–3 and 5 in colour.
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Table 1. Some representative review papers on food analysis
and Foodomics involving capillary electromigration




Recent advances of CE-MS 2015 [6]
CE-MS for metabolomics 2015 [7]




Biotoxin in food and environment via
microchip
2014 [10]
Transgenic cultivars by CE and
microchip-CE
2014 [11]
CE and herbicide analysis 2014 [12]







Penicillins in milk of animal origin by
CE
2014 [16]
Chiral CE-MS applications 2014 [17]
CE analysis of antibiotics and its use
as chiral selectors
2014 [18]
Amino acid analysis by CE 2014 [19]
Analysis of natural products by CE 2014 [20]
CE and CEC in phytochemical analysis 2014 [21]






MS-based approaches in food
metabolomics
2013 [24]
Chiral separations in food analysis 2013 [25]
Biogenic amines in food samples 2013 [26]
CE-MS metabolomics, peptidomics
and proteomics in Foodomics
2013 [27]
Metabolomics of fermented and
functional foods
2013 [28]
Microchip electrophoresis for amino
acid analysis
2013 [29]
GMO, genetically modified organism.
profiling and/or for nontargeted analysis, which presents
the potential to improve the number of analytes that can be
assessed simultaneously in a single analysis. Within this con-
text, the use of CE in Foodomics offers enormous opportuni-
ties to obtain valuable detailed information that can be directly
correlated to food quality, safety, bioactivity, and other fea-
tures related to food processing, storage, authenticity as-
sessment, etc. Table 1 summarizes the main review papers
published within the period covered by this work on the
state of the art of capillary electrodriven techniques with re-
gard to new developments and applications in food analysis
and Foodomics [1, 6–29]. As can be seen, recent advances
and applications of CE-MS [6], including chiral CE-MS [17],
andCE-MS formetabolomics [7], aswell as detection schemes
for CE [8], concentration procedures [14], and miniaturized
CE systems [10,11,29] have been recently reviewed. The appli-
cation of CE to the analysis of biotoxins [10], herbicides [12],
glycerophospho- and sphingolipids [15], antibiotics [16, 18],
amino acids [19], chiral compounds [25], biogenic amines [26],
in different food products has been also reviewed. Also, sev-
eral review papers have been published in the mentioned
period focusing on the application of CE to the analysis of
natural products and phytochemicals [20, 21]. It is also note-
worthy the high number of review papers dealing with the
application of CE in metabolomics [9, 23, 24, 28], including
the use of metabolomic approaches to study genetically mod-
ified (GM) crops [9] and fermented and functional foods [28].
Besides, new results from the application of CE in the field
of Foodomics have been also reviewed in the period covered
by this work [1, 22–24].
The present work describes in the following sections
the different CE approaches used to detect compounds of
relevance in food analysis including amino acids, biogenic,
and other hazardous amines, peptides and proteins, phenols,
polyphenols, lipids, carbohydrates, DNAs, vitamins, small or-
ganic and inorganic ions, toxins, contaminants, pesticides
and other residues, chiral compounds and also compounds
related to food processing. Moreover, in this review work, an
overview of the last developments and applications of CE in
Foodomics andmicrochipCE in food analysis and Foodomics
is provided.
2 Amino acids, biogenic amines, and
other hazardous amines
Amino acids (AAs) play important roles in the organolep-
tic and nutritional characteristics of foodstuffs. A series of
works have reviewed the analysis of AAs in foods using CE.
Mandrioli et al. covered the role of chromatography and elec-
tromigration techniques for the analysis of AAs in fruit and
fruit-derived foods [30]. In another work published in 2013,
methodological developments involving on-line concentra-
tion for the separation of AAs and their enantiomers us-
ing CE were reviewed including their analysis in food [31].
Da˛browska and Starek [32] have dedicated a review work to
the analysis of carnitine, a vitamin-like AAs derivative, in bi-
ological materials, foods, and dietary supplements, using a
variety of analytical techniques, including chromatographic,
electrophoretic, as well as MS-based approaches.
Heating/cooking and/or fermentation processes can
modify the quantity of existing AAs and introduce new AAs
in the product. The applicability of CE for bioprocess mon-
itoring has also been demonstrated [33]. Recently, Turkia
et al. presented a MEKC method to monitoring the amino
acid uptake of Saccharomyces cerevisiae during beer fermenta-
tion [34]. SDS and 18-crown-6-ether were added to the BGE to
enhance the separation between AAs. LIF detection was used
to improve the sensitivity of AAs that were derivatized with
Oregon greenTM 488 carboxylic acid, succinimidyl ester (OG-
SE). The quantification limit was as low as 62.5 pM, and the
C© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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OG-SE-AAs (Arg, Lys, Leu/Ile, His, Gln, Val, Phe, Thr/Asn,
Pro, Ser, Gly, Glu, and Asp) were analyzed in 45 min. After
the analysis of AAs in beer fermentation for both samples it
was observed that the yeast utilized all AAs to some extent,
and that the AAs consumption halted at the same time as
glucose was consumed from the fermentation media. MEKC
with two fluorescence detection systems (LED induced and
laser induced) were also used for the quantification of AAs
in vegetable milk obtained from of Cucurbitaceae seeds of
Sub-Saharan Africa [35]. Fluorescein isothiocyanate (FITC)
was chosen in this work as a derivatizing agent. Eleven AAs
(Phe, Trp, Ala, Asp, Val, Phe, Thr, Val, Trp, Ile, and Leu) were
detected in the selected lyophilized milks from Cucumeropsis
manniiNaudin andCitrullus lanatus. In a different work, anal-
ysis of tryptophan was used to discriminate pure fermented
soy sauces, adulterated soy sauces and chemical soy sauces
[36]. In that case, CE-ultra violet (UV) technique was only
employed to validate the results obtained by fluorescence res-
onance energy transfer in a flow-injection system for the anal-
ysis of tryptophan in soy sauce. Amethod involving the use of
ionic liquid as additive in the buffer was used for CE analysis
of o-phthalaldehyde labeled AAs (OPA-AAs) [37]. Together
with the ionic liquid 1-butyl-3-methylimidazolium tetraflu-
oroborate ([BMIm]BF4), other additives including SDS,
-cyclodextrin (-CD), and ACN, were included in the run-
ning buffer to increase the separation resolution. The multi-
ple additive strategy showed good performance for either CE
separation or in-capillary derivatization. In-capillary deriva-
tization of AAs was performed by a sandwich injection of
OPA reagent solution, sample, and a second injection of
OPA reagent solution. The method allowed simultaneous
quantification of 17 OPA-AAs with LOD down to 10 M. Fi-
nally, the proposed CE-UV method was applied to determine
trace-amounts of OPA-AAs (His, Ala, Gly, Tyr, Val, Arg, Ile,
Phe, Trp, Glu, and Lys) in less than 24 min in seven beer
samples. In another work, analysis of 20 FITC-derivatized
AAs was carried by MEEKC with LIF detection [38]. Running
buffer was composed by phosphate buffer at pH 6, SDS, 1-
butanol, cyclohexane, and ACN. Analysis was carried out in
less than 25 min, and detection limits were in the range of
0.32–2.2 nM. The feasibility of the MEEKC-LIF method was
demonstrated through the analysis of beverage and food sam-
ples. In a diferent work, CE-MS/MS was employed for the
analysis of underivatized AAs to assess the quality of com-
mercial royal jelly products (tablet, liquid drink, and raw ma-
terial) as well as of honey [39]. Typical BGE containing 1
M formic acid at pH 1.8 was used for the separation of 16
AAs (Ala, Arg, Asp, Glu, Gly, His, Leu, Lys, Met, Phe, Pro,
Ser, Thr, Tyr, Val, and gamma-aminobutyric acid (GABA))
in 20 min. LODs were lower than 10.5 g/g. the CE-MS/MS
method permitted discriminating between the different royal
jelly products, and among the latter ones and honey.
Methionine and cysteine content were also analyzed by
CE-MS in different inactive dry yeast preparations (normal
and glutathione enriched) typically used in the wine indus-
try due to their potential applications in winemaking [40].
The capabilities of CE-MS permitted also the identification
for the first time of 14 sulfur-containing metabolites in the
glutathione-enriched dry yeast that could be linked to the
better properties of this yeast preparation.
Biogenic amines (BAs) are important nitrogen com-
pounds that have aliphatic (putrescine, cadaverine, spermine,
spermidine), aromatic (tyramine, phenylethylamine), or het-
erocyclic (histamine, tryptamine) structures. BAs are present
in a wide range of food products and they can cause severe
health problems to sensitive individuals. The presence of BAs
above a certain level can be considered as indicative of un-
desired microbial spoilage. Moreover, BAs can also be re-
lated to fermentation processes. CE is considered as a good
alternative to HPLC for the analysis of BAs in food sam-
ples [26]. However, one of the main problems that hinders
the widespread application of CE is its low concentration sen-
sitivity with some detection modes. Besides, analysis of BAs
faces problems derived from the low concentration of these
analytes in real food samples. In order to overcome this prob-
lem, a method based on CE with electrochemiluminescence
(ECL) detectionwas optimized to separate and detect BAs (pu-
trescine, histamine, tyramine, phenylethylamine, and sper-
midine) in oysters [41]. ECL detection was based on the
luminophore tris(2,2’-bipyridyl)ruthenium(II) (Ru(bpy)32+).
Similar to electrochemical detection (ED), a certain poten-
tial is needed to oxidize Ru(bpy)32+ to Ru(bpy)33+, which
reacts with analytes and then produces ECL emission. The
analysis of these BAs in oysters by CE-ECL was proposed
as an indicator of freshness [41]. Tyramine, histamine, and
phenylethylamine levels increased slightly anddidnot change
much throughout 8 days of storage, and their levels remained
below from the maximum level established by the Euro-
pean Union (EU) (100 mg/kg) or (Food and Drug Admin-
istration) FDA (50 mg/kg). On the other hand, the increase
in the putrescine and spermidine content was considerably
higher. Putrescine concentration increased from 19mg/kg to
137 mg/kg after 8 days of storage at 4°C. Spermidine in-
creased to 120 mg/kg under the same storage contidions.
The content of short-chain aliphatic amines is also as-
sociated to freshness of food. Recently, Xie et al. applied a
MEKC method for the quantification of methylamine, ethy-
lamine, dimethylamine, and diethylamine in a variety of
aquatic products (cuttlefish, squid, shrimps, hairtail, etc.)
[42]. Amines were extracted by ultrasound-assisted disper-
sive liquid–liquidmicroextraction with trichloromethane. Be-
fore MEKC-UV analysis, the aliphatic amines were deriva-
tized with 9-fluorenyl methyl chloroformate to improve
their detection sensitivity, providing LODs in the range of
0.028–0.16 mg/kg.
3 Peptides and proteins
The interest on the use of CE for the analysis of pep-
tides and proteins has continued in the last years [43–48].
Most of the methodological developments in CE for the
analysis of peptides and proteins are directed to prevent
their adsorption on the inner capillary wall, and to increase
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their sensitivity. Peptides and proteins play a major role in
determining nutritional and functional properties of food
products. Research on structural and physico-chemical char-
acteristics of foodpeptides/proteins aimed at elucidating their
function is of utmost interest and much research in this field
is needed to understand their functionality in foods. Pro-
teolysis represents one of the most important biochemical
processes occurring in food processes such as cheese ripen-
ing. CE-UV has been applied to determine caseins (CNs) and
peptide profiles in different cheeses (Brie, Caprino, Cheddar,
Emmental, Fontina,Gorgonzola,Gouda,Grana, Padano,Maas-
dam,Provolone, Taleggio) [49]. It was observed that the extent of
proteolysis varied greatly among cheeses and led to different
degrees of CN breakdown and diverse peptide profiles in the
CZE patterns. The role of peptides/proteins as physiologically
active components in the diet is being increasingly acknowl-
edged [50]. They have potential beneficial health effects such
as antihypertensive, antioxidative, antiobesity, immunomod-
ulatory, antidiabetic, hypocholesterolemic, and anticancer ac-
tivities. Small peptides with biofunctional properties can be
produced during gastrointestinal digestion, food processing,
and microbial proteolysis of various animals and plant pro-
teins. Milk proteins are considered one of themost important
sources of bioactive peptides and there is continuous interest
in the identification of bioactive peptides from milk protein
hydrolysates and fermented dairy products. For instance, the
presence of bioactive peptides in several commercial hypoal-
lergenic infant milk formulas (IFs) prepared from bovine
milk protein hydrolysates has been recently studied by CE-
MS [51]. High resolution TOF-MS was used for molecular
mass measurement and identification. Each studied IF pre-
sented a characteristic electrophoretic profile. Most identified
bioactive peptides were reported as inhibitors of angiotensin-
converting enzyme, however, it was observed the presence
of peptide sequences with other biological activities such as
antithrombotic, hypocholesterolemic, antioxidant, or antimi-
crobial, to mention a few.
Peptides can also contain disease-specific information,
and thus changes in their expression on certain peptides or
peptide patterns may be disease specific. Following this idea,
CE-MSmethodology has also been applied to identify peptide
biomarkers of bovine mastitis [52]. This disease affects the
quality of the milk through changes in its composition, and
has important economic consequences for the dairy industry.
Thus, after the analysis by CE-MS, the peptides in milk from
healthy dairy cows were compared to those detected in milk
from cows with mastitis to determine if peptide biomarkers
in milk could be identified. Comparison of the peptidome
between healthy andmastitic milk identified 154 peptides for
a biomarker panel, which in a model for diagnosis of mastitis
showed 100% sensitivity and specificity. It was observed that
-CN ands1 CN provided themajority of peptides identified
in this model. The effect of the pathogen Staphylococcus au-
reus during mastitis on economically important bovine milk
proteins has been studied by CE-UV [53]. To accomplish this,
milk content of CN S1, S2, , A1, and A2 and whey pro-
teins -lactalbumin and -lactoglobulin were analyzed and
compared with the bacteria-free control milk. It was observed
that S. aureus significantly lowered concentration of (S1)-
CN, (A1)-CN, and (A2)-CN. Moreover, S. aureus also hy-
drolyzed -CN into para--CN, with significant reduction of
-CN.
Technological properties of milk are determined by a va-
riety of factors. Among them, protein (-CN, -CN, -CN,
and -LG) genetic variants influence cheese-yielding capac-
ity, coagulation properties, etc. In this sense,Meza-Nieto et al.
studied the effect of the addition to skimmilk of different lev-
els of variants A and B of -lactoglobulin (-LG) on cheese
yield [54]. For that purpose, CE-UV was applied for determin-
ing -LG A or B recovery in the curd during rennet-induced
coagulation. The presence of -LG variant B resulted in a
significantly higher actual and dried mass cheese yield than
when A or A-B were present at levels 0.675% of whey pro-
tein addition.
Apart of the functional properties of proteins in food
processing, they have important impact on the nutritional
quality. In this sense, storage proteins in cereal seeds will in-
fluence the utilization of the grain in food processing and will
have direct impact on the nutritional quality of cereals. CE-UV
has been proposed as an efficient alternative to SDS-PAGE for
fast and more accurate characterization of storage proteins of
rye [55]. These storage proteins of rye, usually termed secalins,
have a high nutritional quality and their accurate character-
ization will enable the development of new genotypes with
desirable properties. In particular, high-molecular-weight se-
calin subunits (HMW-SS) were characterized by CE-UV. The
HMW-SS fraction was characterized in an uncoated fused-
silica capillary using an isoelectric iminodiacetic buffer in
combination with poly(ethylene oxide), lauryl sulfobetaine,
and ACN as the separation buffer. Under these conditions,
all rye HMW-SS isoforms were separated, and considerable
variations in the subunit patterns were observed in the dif-
ferent rye cultivars analyzed. In a different work, glutelin, the
major seed storage protein of rice, was analyzed by CE, which
allowed the separation of multiple polymeric andmonomeric
subunits [56].
Capillary isoelectric focusing (cIEF) is also an interest-
ing alternative to CZE for peptide/protein separation [57].
In any event, cIEF is characterized by high resolution, peak
capacity, and concentration capacity. The generation of the
pH gradients is usually carried out with carrier ampholytes
(CAs), however, the main drawback of cIEF with CAs is its
inability to form a stable pH gradient. Profiling and com-
parison of various commercial ovalbumin products with po-
tential allergenicity was accomplished in two-step cIEF [58].
Lysozyme is another potential allergenic agent, and thus, it
has to be declared according to the allergen labeling instruc-
tions of EU and FDA. Recently, a CE-MS method has been
developed for detecting preservative lysozyme in cheese [59].
Polyacrylamide-coated fused silica capillary was used to pre-
vent electrostatic and hydrophobic interactions of the pro-
teins with the capillary wall. The method was suitable for the
quantification of lysozyme in cheese in less than 15 min.,
reaching a LOD of 3.6 mg of lysozyme per 1 kg of cheese. The
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concentration range of the lysozyme determined in four dif-
ferent cheese samples (Edam, Parmesan, Gouda and a “mix-
ture of natural cheeses”) was from 0.5 to 3.3 g of lysozyme
per kg. Analysis of other allergens such as -lactoglobulin
in food products for infants has also been accomplished by
CE-LIF [60].
Analyses of protein profiles by CZE-UV have been used
to predict the cultivar of olive leaves and pulps [61]. Each pro-
tein profile was acquired in less than 15min. with good repro-
ducibilities; and the normalized protein peak areas were em-
ployed as predictors to construct linear discriminant analysis
models (Fig. 1). Both olive leaf and pulp samples belonging to
nine cultivars from different Spanish regions were correctly
classified, indicating that protein profiles are characteristic of
each cultivar.
4 Phenols and polyphenols
At present, numerous natural dietary constituents are under
scrutiny such as phenolic compounds, due to their promising
anticancer, antimicrobial, and free-radical scavenging and an-
tiinflamatory properties [62]. From a broad point of view, the
family of phenolic compounds encompasses phenols, ben-
zoic acid, cinnamic acid, coumarins, tannins, lignins, lig-
nans, and flavonoids. Vegetables, spices, and fruits are natu-
ral sources of phenolic compounds. These chemical species
have been associated with the beneficial effects derived from
several foodstuffs, with special emphasis on foods from the
Mediterranean diet such as wine, olive oil, fruits, etc. For in-
stance, moderate consumption of wine has been associated
with health benefits related in part to the presence of phe-
nolic compounds [63]. Wine has been deeply investigated in
several works due to previously reported beneficial effects on
cardiovascular diseases, diabetes, osteoporosis, maybe neu-
rological diseases, and longevity [64]. However, wine is a
complex matrix influenced by a number of factors, such as
grape variety, ripeness of the grapes, environmental condi-
tions, winemaking process, among others. Thus, scientific
community is increasingly interested in the knowledge of
precise chemical characterization of wines. For that purpose,
CE has emerged as a very powerful tool for characterization
of wines [65]. Most of wine benefits on health have been
associated with its antioxidant activity, which is mainly as-
cribed to its phenolic content [66]. For this reason, pheno-
lic compounds are subject of intense research. In this line,
polyphenol profiles of Spanish wines were obtained using
CZE-DAD [67]. The developed analytical method was able to
determine 20 polyphenols in wine in less than 25 min using
30mM sodium tretraborate buffer solution at pH 9.2 with 5%
isopropanol as BGE. That methodology was applied for the
analysis of 102 wines and data were submitted to statistical
analysis. Differences in phenolic content depending on the
regionwere found and characteristic compoundswere associ-
ated with the regions studied. Namely tyrosol and gallic acid
were at higher levels in Catalunya wines, p-coumaric, and
caffeic acids were characteristic from La Rioja wines, and
protocatechuic was more specific of Castilla La Mancha
wines. Also, aCZE-DADmethodwas used for Brazilianwines
characterization [68], optimizing the method for the analy-
sis of syringic acid, kaempferol, myricetin, quercetin, caffeic
acid, and gallic acid in six red wines. For that purpose, wines
were submitted to liquid–liquid extraction (LLE) and filtration
before analysis. Concentrations for target compounds were
in agreement with data previously reported.
CE detection often relies onUV spectroscopy using diode
array devices, but other techniques, such as amperometric de-
tection (AD), have also been found to be very useful for the
analysis of wines [69]. For ED, 1 mm diameter glassy car-
bon electrodes were used. A total of 14 white wines made of
verdejo or aire´n grapes from four different origin denomina-
tions were analyzed using 200 mM borate buffer at pH 9.4
with 10% v/v methanol as BGE at 27.5 kV. After principal
component analysis (PCA), major differences were found in
six compounds mainly attributed to grape variety.
Other typical foodstuff from the Mediterranean diet that
has generated much interest due to its beneficial effects on
health is virgin olive oil. Virgin olive oil is obtained exclu-
sively by mechanical extraction of olive fruit (Olea europea)
and the beneficial effects on human health are well known.
Although phenolic acids are present in minor quantity in
olive oil compared to fatty acids, they are particularly involved
in the antioxidant properties of this oil. In this line, a liquid–
liquid microextraction combined with CZE was used for the
determination of caffeic acid, gallic acid, vanillic acid, sy-
ringic acid, cinnamic acid, p-coumaric acid, oleuropein, api-
genin, luteolin, 3-hydroxytyrosol, and tyrosol, in virgin olive
oil [70]. A dispersive liquid–liquid microextraction (DLLME)
was used to enhance sensitivity. For that purpose, boric acid
was used for extraction of analytes from olive oil and carbon
tetrachloride was added as dispersive solvent. Before sample
injection, a plug of water was injected for on-line precon-
centration as stacking step and compounds were separated
using 30 mM boric acid at pH 9.5. The methodology per-
mitted the selective determination of phenolic compounds
in virgin olive oil with adequate RSD and suitable sensitiv-
ities with respect to their levels present in olive oil. Later,
the same research group aimed to correlate the phenolic
profile with the antioxidant capacity of monovarietal olive
oils, namely, Arauco, Arbequina, Farga, and Empeltre [71]. Fif-
teen compounds were simultaneously determined including
tyrosol, vinylphenol, oleuropein, hydroxytyrosol, rutin, cate-
chin, naringenin, cinnamic acid, chlorogenic acid, syringic
acid, luteolin, apigenin, vanillin acid, quercetin, and caffeic
acid. In that work, single molecules and classes of molecules
were quantified by SPE-CZE. Those results were compared
with the corresponding Folin–Ciocalteu results, and antiox-
idant capacity using three different tests. As a conclusion,
Arauco olive oil was observed to possess the highest antiox-
idant activity related to its free-radical scavenging proper-
ties and potentially related to its higher phenolic compounds
levels. In another work, a CE-DAD was optimized for the
determination of phenolic compounds but only four out of
17 could be quantified in the 17 oil samples [72]. Namely,
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Figure 1. (A) Representative protein profiles by CE-UV Arbequina, Canetera, Manzanilla, and Picual cultivar olive pulp samples. CE-UV
conditions: BGE, 50 mM sodium tetraborate, 50 mM sodium phosphate, 0.1% PVA at pH 9; hydrodynamic injection, 50 mbar for 3 s;
separation voltage,+10 kV; capillary temperature, 25°C; detection, 214 nm. Numbered indicate common peaks between different samples.
Peaks marked with an asterisk corresponded to lipase enzyme peaks. (B) Score plot on an oblique plane of the three-dimensional space
defined by the three first discriminant functions of the linear discriminant analysis model constructed to classify olive pulps according to
their cultivar. Redrawn from [61] with permission from Wiley-VCH.
quantification of tyrosol, (+)-pinoresinol, hydroxytyrosol and
luteolin in virgin olive oil from Brazil was carried out using
101.3 mM boric acid (pH 9.15) as BGE at 30 kV. The phenolic
compounds showed high variation depending on the differ-
ent varieties and crop years. However, olive oils and other
nonaqueous matrix present the limitation of tedious, com-
plex, and time consuming procedures for the extraction of
the phenolic compounds (generally including SPE and LLE
procedures). In this regard, the pretreatment of the sample
can be significantly simplified if nonaqueous CE is used. In
this sense, nonaqueous capillary electrophoresis (NACE)-UV
has been used for the determination of phenolic compounds
in extra virgin olive oil [73]. NACE was combined with a
second-order chemometric method to enhance the resolu-
tion and separation of the analytes, namely a multivariate
curve resolution-alternating least-squares algorithm. Using
18 mM KOH and 25 mM boric acid in 1-propanol-methanol
(74:26, v/v) as BGE, all the analytes were negatively charged
and migrated against the EOF toward the anode in a maxi-
mum time of 12 min. Thus coumaric acid, caffeic acid, fer-
ulic acid, 3,4-dihydroxyphenylacetic acid, vanillic acid, and
4-hydroxyphenylacetic acid in olive oil could be analyzed in a
short-analysis time. Also, a NACE method was developed for
the separation of phenolic compounds in other olive oil sam-
ples [74, 75]. For that purpose, UV-visible and fluorescence
detection were used. All analytes passed firstly through the
UV detector and then through the fluorescence detector in
a maximum time of 25 min. The developed method permit-
ted the detection of cinnamic acid, vanillic acid, o-coumaric
acid, and tyrosol, among other phenolic compounds, in extra
virgin olive oil samples.
One of the main pathogens that infect olive trees is in-
cluded in genusPhytophthora and is responsible of significant
losses in olives and oil production. Polyphenol composition
of four different plant extracts from Thymus vulgaris, Orig-
anum vulgare, Matricaria recutita, and Larrea divaricate was
studied in order to correlate their composition with the in-
hibition of the disease and to determine the antimicrobial
capacity of each individual phenolic compound against Phy-
tophthora spp. [76]. Thus, a SPE followed by a CZE method
using 30 mM boric acid buffer at pH 9.50 was applied to all
extracts. Under optimal conditions, the determination of cat-
echin, naringenin, cinnamic acid, syringic acid, chlorogenic
acid, apigenin, vanillic acid, luteolin, quercetin, and caffeic
acid was achieved in the plant extracts. As a result, Larrea
divaricate and Origanum vulgare extracts were the most ef-
fective extracts against the pathogen. In addition cinnamic
acid and naringenin were the two compounds that showed
more antimicrobial effect by a solid agar bioassay. Extracts
from Rosmarinus officinalis and Melissa officinalis have been
later characterized by using a CE-MS method [77]. In that
work, the two major components observed in the rosemary
extract were carnosic acid (CA) and rosmarinic acid while
for Melissa officinalis extracts the major compound was ros-
marinic acid. A total of 15 and 13 phenolic compounds could
be determined by CE-MS in rosemary and Melissa extracts,
respectively.
Salvia miltiorrhiza is a shade-growing flowering plant
from the genus Salvia. The root of this plant has been au-
thorized to be food supplement by the European Comission.
Namely, the dried root and rhizome of Salvia miltiorrhiza,
also known as Danshen, has reported beneficial effects on
cardiovascular and cerebrovascular diseases [78]. In this re-
gard Cao et al. [79] developed a CE method using as BGE 20
mM sodium tetraborate adjusted to pH 9.0 with 12 mM -
CD as modifier for the separation of seven phenolic acids in
Danshen. Good repeatability and high separation efficiency
were achieved for the phenolic acids determined. To val-
idate the analytical method developed, seven Salvia plants
from four different origins were analyzed. Concentration of
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protocatechuic aldehyde, savianolic acid (A, B, and C), ros-
marinic acid, danshensu, and protocatechuic acid were de-
termined showing differences in the phenolic acid content
among plants analyzed.
As stated before for the wine composition, plant growth,
environment, and other factors are critical for phenolic com-
pounds content in plants. Given the potential benefits to
health of phenolic compounds, the determination of themax-
imum content of these species is of major interest. In this re-
gard, results from CE and LC-based analytical methods were
combined to determine the optimum growth period for ac-
cumulating the most abundant functional phenols in germi-
nated buckwheat thatwere soaked in darkness andbuckwheat
sprouts cultivated by hydroponic culture [80]. In that work,
CE-UV analysis was conducted using 50mMboric acid buffer
containing 0.1 M SDS (pH 9.0) as BGE and monitoring the
signal at 280 nm. The highest amounts of isoorientin, ori-
entin, isovitexin, and vitexin were measured at day 3, with
the exception of rutin that rapidly increased to 109.0 mg/
100 g fresh mass until day 6. According to the obtained re-
sults, buckwheat sprouts cultivated by hydroponic culture for
6 days could be a good dietary source of phenols.
Polyphenol profiles have also been applied for the evalua-
tion of antioxidant potential and authentication of fruit prod-
ucts [81]. Authentication of fruit products was carried out
combining CZE and LC techniques. Samples under study
included fruits (cranberry, blueberry, grapes, and raisins),
fruit-based products (grape-juice and cranberry-juice), and
commercial cranberry-based products (pharmaceutical natu-
ral extracts, powder capsules, syrup, and sachets) [82]. After
data analysis using Matlab, the resultant PCA showed a clear
clustering according to the fruit origin as can be observed in
Fig. 2. Moreover, one sample was suspected to be an adulter-
ation using the proposed LC and CE methods. Confirmation
of that adulteration was performed via high resolution mass
spectrometry (HRMS) analysis where a lack of A-type proan-
thocyanidin compounds was observed, confirming that the
suspicious sample was not mainly cranberry-based extract as
it was labeled.
In addition, phenolic profiles can be useful not only
for authentication or adulteration issues but to distinguish
among varieties within the same fruit specie. In line with
this, phenolic acids were determined and quantified in 13
varieties of avocado fruits at two ripening stages [83]. CE-UV
using 40 mM sodium tetraborate at pH 9.4 as BGE permitted
the quantification from 8 to 14 compounds in avocado sam-
ples depending on the variety. Phenolic profiles were found
to be characteristic from each variety. For instance, gallic
acid was only found in Sir Prize variety and trans-cinnamic,
m-coumaric, benzoic,  -resorcylic, p-coumaric, and proto-
catechuic acids were detected in the ten genetically related
samples out of the total 13 varieties analyzed.
Isoflavones are phenolic compounds with potential an-
tioxidant activity and investigation on their health benefits is
of interest. In this regard, a CE-MS method has been also
developed for the analysis of isoflavones in soy drink [84].
Apigenin was added as internal standard during sample
preparation through ethanol extraction and then an exhaus-
tive CE-MS method optimization was carried out for the sep-
aration and analysis of six isoflavones, i.e. daidzin, genistin,
biochaninA, formononetin, daidzein, andgenistein. Thephe-
nolic compounds were separated as anions in positive CE
mode and ionized in the positive ion mode. Finally, the de-
veloped method was successfully applied to four soy drinks.
Although LLE and SPE are by far themost common tech-
niques for sample preparation of phenolic compounds prior
to CE analysis, alternative procedures have also been em-
ployed. For example, a combination of CE-DAD preceded by
a bar adsorptive microextraction coated with a mixed-mode
anion exchange/reverse phase followed by liquid desorption,
was used to determine phenolic compounds in food matri-
ces [85]. The CE separation was performed following a volt-
age gradient varying from 25 kV to 13 kV showing accept-
able reproducibility (RSD  15%) and suitable LODs (18.0–
85.0 g/L). To validate the methodology it was effectively ap-
plied to green tea, red fruit juice, and honey. Authors claimed
that the new methodology is easy to implement, reliable, and
sensitive.
Even in minor quantities, phenolic compounds have
been reported as one of the groups of substances whose com-
position in flower nectar is crucial for insect preferences [86].
To deepen in that intriguing issue, CZE-UVmethod has been
developed for the analysis of 4-vinylphenol, catechin, narin-
genin, rutin, cinnamic acid, syringic acid, chlorogenic acid,
apigenin, vanillic acid, luteolin, quercetin, and caffeic acid
in onion nectar [87]. Onion nectar was obtained in blossom
from an open pollinated onion cultivar and three male sterile
lines. The phenolic fraction was isolated by means of SPE
and the methanol-based eluted fraction was directly injected
in CE. Phenolic compounds could be baseline separated at
25 kV using 30 mM boric acid (pH 9.5) as BGE within 8 min.
Marked differences in phenolic profiles of male sterile and
open pollinated lines were observed pointing out a potential
factor that affect onion pollination.
Among all the bioactive constituents present in plants,
flavonoids play an important role in human health and are
one of the main group of compounds responsible for the an-
tioxidant activity of berries. Amongflavonoids, catechins have
been poorly reported in berries and the quantitative determi-
nation of catechins monomer levels may help to establish a
relationship between secondary metabolites and their effects
on human health. In this regard, Piovezan et al. [88] devel-
oped aMEKCmethod to determine and characterize-free cat-
echins in fresh fruits of blackberry (Rubus fruticosus) during
the annual production period [88]. After a methanol-based
solid–liquid extraction of the raw sample content, flavonoids
were purified bymeans of hydrochloric acid and diethyl ether
addition. Then, the CE method was developed for the sep-
aration of catechins that are present in minor quantities
in the fruits. An optimum BGE composition of 30 mM
phosphoric acid, 40 mM SDS, and 0.1% triethylamine at
pH 2.3 was used for the analysis operating in reverse po-
larity (–15 kV). Epicatechins were successfully determined
in blackberry for the first time applying the methodology
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Figure 2. (A) PCA result (PC3 versus PC4 score plot) using electrophoretic polyphenolic profiles obtained for fruits and juice samples;
(B) PCA results (PC4 versus PC5 score plot) using electrophoretic polyphenolic profiles for all samples except pharmaceutical capsules.
(C) Loading plot using peak signal areas. (D) Electropherogram obtained for a cranberry commercial capsule. Discriminant peak signals
are indicated with an arrow. (E) PCA result (PC3 versus PC4 score plot) using eight discriminant peak signal areas. Redrawn from [82]
with permission from American Chemical Society.
developed in that work. In addition, the annual average tem-
perature was observed as strong factor of influence on the
epicatechin levels in blackberries. Flavonoids have been also
investigated in food supplements [89]. For that purpose, the
tablets or the contents of the capsules were weighed, ho-
mogenized, and subjected to extraction with DMSO in ultra-
sonic bath for 15min. Citric flavonoids (hesperidin, diosmin,
rutin, and troxerutin) together with ascorbic acid were deter-
mined byCZE adding cinnamic acid as internal standard. The
method applied showed RSD values lower than 4.5% for all
analyzedmolecules.More recently, flavonoids of theChrysan-
themum morifolium Ramat plant were under scrutiny [90].
This plant possesses antimicrobial, antibacterial, antifungal,
antiviral, and anti-inflammatory activities partially due to
its flavonoid content. With the aim to extract the flavonoid
content of Chrysanthemum, a matrix solid-phase dispersion
procedure was carried out before CZE analysis. A complex
BGE was used for the separation of flavonoids consisting
of potassium dihydrogenphosphate, borate, hydroxypropyl-
-cyclodextrin, and ACN. As a result, eight flavonoids
could be determined, namely, kaempferol, apigenin, narin-
genin, (+)-catechin hydrate, rutin hydrate, quercetin, lute-
olin, and ferulic acid. Flavonoids were also investigated in
Brassica oleracea (broccoli) by CE-UV [91]. Kaempferol and
quercetin are the main flavonols in broccoli, and they were
extracted from the raw plant and concentrated via large
volume sample stacking (LVSS) before CE analysis. Re-
sults were compared with those obtained by HPLC show-
ing a good agreement in kaempferol and quercetin relative
concentrations.
As can be observed, due to their high hydrocarbon con-
tent, organic solvent extraction has been the main method
to extract phenolic compounds [92]. However, in order to
evaluate the actual properties of the ingestion of tea water
infusion, Liu et al. [93] developed a MEKC-UV method for
the determination of seven catechins and one xanthine (caf-
feine) in water infusion of green tea. Two infusion temper-
atures (95º and 80º) during different times as well as sev-
eral types of water of infusion (tap water, deionized water,
spring water, reverse osmosis water, and distilled water) were
tested in order to see the extent of these factors on catechin
profiles variation. A solution consisting of 10 mM sodium
tetraborate, 4 mM sodium phosphate and 25 mM SDS
(pH 7) used as BGE permitted the separation of the major
tea infusion compounds within 15 min. Infusion at 95°C for
10 min presented upper values of catechins than infusion
at 80°C. In addition, other differences were also found de-
pending on the water of infusion. Thus, epimerization of
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catechins was more frequently observed in infusion brewed
in tap water than in other types of water probably due to
its higher ions content compared with the other water types
tested.
5 Lipids
Lipids are hydrophobic or amphiphilic molecules with vi-
tal functions to human health such as energy provision
and storage, structural components of cellular membranes
and cell signaling. Lipid categories include fatty acids,
steroids, glycerophospholipids, and sphingolipids among
others. NACE-ESI-IT/MS has been applied for the deter-
mination of glycerophopholipid profiles in olive fruit and
olive oil [94]. Olive fruit samples analyzed in that work
were Arbequina (from two Spanish regions), Empeltre, and
Lechı´n de Sevilla. In addition a monovarietal extra virgin
olive oil from Arbequina variety was also included in the
study. Best separation efficiency within less than 14 min
analysis time was achieved using 100 mM ammonium ac-
etate in 60:40 v/v methanol/ACN with 0.5% acetic acid as
BGE, applying 25 kV. As a result phosphatidylcholine, phos-
phatidylethanolamine, lysophosphatidylethanolamine, phos-
phatidylinositol, phosphatidic acid, lysophosphatidic acid,
and phosphatidylglycerol were detected in olive fruit. Differ-
ences in the relative abundance of the glycerophospholipid
profiles were observed depending on the botanical and geo-
graphical origin of the olive fruits analyzed. In olive oil, five
glycerophospholipids were observed, namely lysophospha-
tidic acid, phosphatidylcholine, phosphatidylethanolamine,
lysophosphatidylethanolamine, and phosphatidylglycerol.
Steroid hydrosolubility is even lower than for glyc-
erophospholipids and in addition they are hardly ionized.
For these reasons, modification of the target molecules or
the electrolyte solutions is required when using CE meth-
ods for the analysis of steroids. Particularly, MEKC tech-
nique has been successfully applied in steroid studies. In
this regard, a MEKC method was developed for the analysis
of steroids in vegetable oils [95]. For that purpose,microemul-
sion phases of colza oil, olive oil, linseed oil, and walnut oil
were prepared by adding 90% of 10 mM sodium tetrabo-
rate (pH 9.2), 3.3% SDS, and 6% of 1-butanol to oils. Steroids
were separated based on their hydrophobicity being the hy-
drocortisone the fastest compound in the microemulsion.
Applying the methodology developed, hydrocortisone, an-
drostenedione, 17--hydroxyprogesterone, testosterone, 17-
-methyltestosterone, and progesterone could be separated
in oil samples.
Fatty acids (FAs) are important lipid molecules used for
energy production through -oxidation or deposited in lipid
droplets in the form of triglycerides as energy reservoir. The
traditional method more widely used for the analysis of FAs
is gas chromatography coupled with flame ionization detec-
tion (GC-FID). However, CE has already demonstrated to be
a very useful analytical technique for the screening and quan-
tification of FAs in food matrices [96]. In fact, CE presents
inherent advantages over GC-FID as low cost, short-analysis
time, high throughput, and simple sample preparation. In
addition, contrarily to GC-FID, CE permits the separation of
cis-trans isomers without the use of specific columns. FAs
content in oils is of particular importance because it affects
the flavor quality of the oil. On the other hand, due to FA in-
stability a high concentration of FA can cause oil rancidity and
formation of peroxides, which are noxious to human health.
In this context, a CEmethod for FA determination in soybean
oil, sunflower seed oil, and maize oil was developed [97]. An-
other innovative analytical approach for the analysis of FAs
was developed by Buglione et al. [98]. A total of 12 FAs could
be separated using a NACE method with LOD of 0.5 M for
all FAs determined. Optimal conditions included a polyvinyl
alcohol-coated capillary for suppression of the EOF and to
increase reproducibility together with the use of 10 mM de-
oxycholic acid in methanol as BGE. Validation of the method
was achieved through the analysis of commercial sunflower
oil, a commercial olive oil, and a homemade olive oil. More
recently, several vegetable oils were also evaluated in terms
of their FAs content [99]. That approach could be suitable
to detect possible fraudulent extra virgin olive oils related to
the different acidity expressed in relation with their oleic acid
content.
Although oleic acid is the major component of olive
oil it is present in other oils such as soybean oil. A fast
and direct quantification method for the determination of
that monounsaturated omega-9 fatty acid in soybean oil was
developed [100]. For that purpose, a NACE method with ca-
pacitively coupled contactless conductivity detection was ap-
plied using methanol-propanol (1:6, v/v) with 0.04 M KOH
and 10% ethylene glycol as BGE. That method enabled oleic
acid determination without any sample treatment and au-
thors state its usefulness for fraud detection.
Oleic acid is the major FA of pequi fruit (Caryocar
brasiliense Camb.), a popular Brazilian fruit with high lipid
content. FA profiles of pequi fruit have been investigated by
CE [101]. Following the developed method, stearic (C18:0),
oleic (C18:19c), palmitic (C16:0), linoleic (C18:2cc), and
linolenic (C18:3) acids were separated and their levels were
compared with the official GC method for these FAs deter-
mination. As a quality indicator of the method, no significant
differences were observed between CE and GCmethods; and
CE method permitted the analysis of the samples without
derivatization and lipid fractionation, which are required in
the classical GC method.
Polyunsaturated FAs omega-3 and omega-6 are involved
in regulation of blood pressure and inflammatory responses
among other physiological functions and have been largely
investigated for their potential benefits against diseases such
as diabetes or cancer. Interestingly the ratio between omega-3
and omega-6 seems to be critical related to various disorders.
In fact several chronic diseases decrease with lower omega-6
FAs intake and higher omega-3 FAs intake being the opti-
mum omega-6/omega-3 ratio from 1:1 to 4:1 depending on
the disease under consideration [102]. Given their impor-
tance, their analysis in foodstuff is of great relevance. In this
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sense, omega-3 and omega-6 FAs have been determined in
flax seed and oils (e.g. in a combination of flax seed oil, sun-
flower seed oil, sesame seed oil, rice oil, oat germ oil, coconut
oil, andprimrose oil) and a selection of grass-fed and grain-fed
beef muscle samples by CZE-UV [103]. Using 40 mM borate
buffer (pH9.5)with 50mMSDS, 10mM-CD, and 10%ACN
separation of 15 polyunsaturated omega-3 and -6 FAs includ-
ing -linolenic acid,  -linolenic acid, eicosapentaenoic acid,
docosapentaenoic acid, and arachidonic acid among others,
could be separated. Authors state that this method is compa-
rable to the standard GC method for the analysis of omega-3
and-6 FAs.
Different isomers for the double bonds of FAs from the
same hydrocarbon chain conform the cis and trans fatty acids.
Depending on that fact, FAsmay have very different effects on
human health. Although some trans FAs are associated with
industrial processes and are considered harmful to health,
others are formed by biohydrogenation in ruminants such as
vaccecin and conjugated linolenic acids, with reported ben-
eficial effects (i.e. tumor growth regulation) [104]. Methods
for the determination of cis- and trans-FAs are an increas-
ing demand due to the above-mentioned health concerns
and because of the requirements of the governmental health
agencies. In this line, a quantitative method for the anal-
ysis of C18:0, C18:1 9t, C18:19c, C16:0, C18:2cc, and 18:3
ccc that constitute the most common cis–trans long chain
FA has been developed by means of CE [105]. Optimum
BGE consisted of 15 mM of NaH2PO4/Na2HPO4 (pH 6.86),
4 mM sodium dodecylbenzenesulfonate, 8.3 mM Brij 35 and
45% v/v of ACN, and 2.1% v/v of 1-octanol. The method pa-
rameters were validated in real samples of olive oil, soy oil,
hydrogenated vegetable fat, butter, margarine, filled cookie,
and bovine liver. Finally, levels of FAs were compared to
the ones obtained by the official GC method and no sig-
nificant differences were detected, confirming the suitability
of the new methodology. Another CE method has been de-
veloped for the analysis of cis/trans long chain FAs [106].
Namely, lauric, myristic, tridecanoic (internal standard), pen-
tadecanoic, palmitic, stearic, oleic, elaidic, linoleic, linolenic,
and arachidic acids were separated showing values for intra-
and interday RSD for migration times and peak areas lower
than 9.7%. The method was further validated in margarine
samples.
Vitamins included in lipid family are A, D, E, and K. They
present an isoprene-based structure and are essential nutri-
ents for humans found in a variety of foods such as carrots
(rich in vitamin A), oily fish (vitamin D), spinach (vitamin
E), and basil (vitamin K) to show some examples. Tocopherol
(, ,  , and - tocopherols) or vitamin E presents antioxi-
dant properties and edible oils are one of the natural sources
where it can be found. For this reason, a NACEmethod using
fluorescence detection was developed for the analysis of to-
copherol in olive oil, sunflower oil, and maize-germ oil [107].
Prior to their analysis, samples were submitted to SPE with
a silica cartridge. Optimum BGE composition was 12 mM
borate buffer (3 mM sodium tetraborate), 60 mM sodium
cholate, and 12 mM sodium hydroxide in methanol. Toco-
pherols levels in oil samples were compared with those ob-
tained with the common LC method showing comparable
results.
Some of the most important natural plant pigments
to confer attractive colors to food ingredients include
carotenoids, anthocyanins, and betalains. Pigments can be
classified by their origin as natural or synthetic (synthetic pig-
ments are included in “Food Additives” section). Among the
natural pigments crocins are found in saffron. Crocins are hy-
drosoluble carotenoids composed of glycosides of aglycon cro-
cetin. These compounds together with other typical saffron
compounds have been analyzed by means of MEKC method
in order to develop a simple procedure of quality screen-
ing [108]. The optimized BGE (20 mM disodium phosphate,
5 mM sodium tetraborate, and 100 mM SDS at pH 9.5) per-
mitted the determination in saffron of two crocins, namely,
picrocin that confers bitter taste to saffron, and safranal that
is responsible of color.
6 Carbohydrates
Human diet is rich in carbohydrates because thesemolecules
are the main source of energy and carbon of the body, pro-
viding from 40 to 80% of the total energy requirements. At-
tending to their molecular subunits there are four groups
of carbohydrates, namely monosaccharides, disaccharides,
oligosaccharides, and polysaccharides. CE has proven to be a
powerful separation technique for the separation and analy-
sis from small mono- and disaccharides to complex oligo-
and polysaccharides [109]. Analysis of sucrose, D-lactose,
D-fructose, D-ribose, and D-glucose was performed using
a 10 cm long quartz capillary (10 m i.d.) with an effec-
tive length of 4 cm and 75 mM NaOH as BGE in a home-
made instrument [110]. All the carbohydrates were analyzed
in less than 1 min. The developed method was then applied
to four energy drinks and levels of sugars were compared to
their declared content in sugar. Methods like the one pre-
viously described, are important to control food quality be-
cause saccharide contents in drinks and foodstuff are regu-
lated and have to be declared. Since maple syrup is prone to
adulteration with less expensive sugars (i.e. corn syrup), sac-
charide content from maple syrup was investigated through
CE-UV with borate complexation [111]. After derivatization
with 1-phenyl-3-methyl-5-pyrazolone (PMP), nine monosac-
charides, and five disaccharides were separated using
200 mM borate buffer at pH 10.5 as BGE. Among all sac-
charides, it was observed that the main components of maple
syrup and maple sugar were sucrose, glucose, and mannose.
Due to economic value of fruit juices, they are also prone
to adulteration by dilution with water and addition of sugars
or of pulp wash, or even through mixture with cheaper fruit
juices. In this regard, a CZE-UV method was developed for
the differentiation of juices and blends based on their saccha-
rides content [112]. More than 50 samples including juices
from apple, grape, mandarin, orange, pineapple, and nec-
tar from orange, pineapple as well as multifruit juices were
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studied in that work. In addition, mixtures with different
percentages of pineapple-grape and orange-grape juices were
also analyzed to detect possible blends of fruit juices. Ana-
lytes were separated using 10 mM 2,6-pyridine dicarboxylic
acid and 0.5 mM cetyltrimethylammonium bromide at pH
12.1. Juices and blends could be correctly classified based on
their saccharides content and adulteration could be predicted
by means of linear discriminant analysis and multiple linear
regression. In addition to the importance to detect adulter-
ations, sugar content has a relevant influence on organoleptic
quality of foodstuffs. To deepen in this aspect, levels of fruc-
tose, glucose, and sucrose of seven vegetables and fruits were
analyzed by CZE [113]. Namely, tomato (Solanum lycopersi-
con L.), pepper (Capsicum annuum L.), muskmelon (Cucumis
melo L.), watermelon (Citrullus lanatus (Thunb.) Matsum. &
Nakai), winter squash (Cucurbita moschata Duschene), and
orange (Citrus sinensis (L.) Osbeck) were selected for their im-
portance in the agricultural market. Analytes were separated
using a BGE composed of 20 mM 2,6-pyridine dicarboxylic
acid (pH 12.1) and 0.1% hexadimethrine bromide. It was ob-
served that SDS rinsing avoided the loss of reproducibility
after several injections. As a result, levels of the three saccha-
rides were quantified in all samples. Same saccharides were
determined in seven honey samples [114]. The quantitative
results revealed that fructose was the major sugar in honey
samples (33.65–45.46 g /100 g) followed by glucose (22.34–
35.39 g/100 g). This method also allowed the determination
of sucrose, which is useful in the detection of possible adulter-
ations by the addition of syrups. Quantitative determination
of saccharideswas also performed in 13 commercial breakfast
cereals [115]. A disodium hydrogen phosphate-based buffer
permitted the determination of sucrose,maltose, glucose, and
fructose by CZE with direct UV detection. It was observed
that sucrose was the principal sugar of all samples analyzed.
Another CE-DAD method was developed for the analysis of
fructose, glucose, lactose, and sucrose in red wine and ap-
ple juice [116]. Levels of 335 mM fructose, 98 mM glucose,
and 53 mM sucrose were found in apple juice in agreement
with the bottle label. In addition, fructose and glucose were
detected at 2.1 and 1.4 mM respectively, in the red wine sam-
ples. Similarly a CE-UV analytical approach was employed
for the analysis of sorghum juices from 109 varieties [117].
Correlation between different saccharides and total saccha-
ride content with brix values was carried out. As a result,
it was observed that brix value was proportional to the to-
tal saccharide content corroborating its previous acceptance
as indicator of total sugar content. In addition, sucrose was
near 75% of the total sugar content in varieties with high brix
values. Saccharides in milk and beer have also been analyzed
applyingCZE [118]. ACZEmethodwas developed for the sep-
aration of 13 freemonosaccharides and disaccharides, includ-
ing a set of stereoisomers of aldopentose and aldohexose. For
that purpose, derivatization with PMP was performed prior
analysis. CZE-UV separation was achieved using 175 mM
borate (pH 11.0) with 4% methanol as BGE. Maltose and
glucose could be quantified in beer samples while maltose,
lactose and glucose were determined inmilk. Same analytical
approach was carried out to determine the monosaccharide
composition of fucoidan from Saccharina japonica, an impor-
tant food from Japan [119]. After sample hydrolysis and prior
analysis by CZE, derivatization with PMP was performed. It
was observed that all of the fucoidans consisted of xylose,
rhamnose, fucose, mannose, galactose, and glucuronic acid.
Milk is a very complexmatrix and contains approximately
4.9% of carbohydrates, predominantly the disaccharide lac-
tose. Especial attention has been paid to oligosaccharides
found in milk, particularly, due to their bioactive effects on
the gastrointestinal and immune systems including prebi-
otic and anti-infective functions [120, 121]. Caprine milk has
a high level of oligosaccharideswith similar profiles to human
milk and has been reported to contain up to five times more
oligosaccharides than bovine milk. A CE method has been
applied to caprine whey as it has been postulated as a poten-
tial source of oligosaccharides [122]. A two-stage separation
process for the caprine whey was carried out prior analysis.
Separation was performed in a 75 mM borate electrolyte so-
lution at 10 kV. The results showed that the whey separation
process between lactose and oligosaccharides was effective
achieving near 90% of carbohydrates recovered. Investiga-
tion of human milk composition, and especially characteri-
zation of some oligosaccharides probed as important dietary
factors during the early life, is also being investigated. For
this reason, different groups have developed CE methods for
the analysis of oligosaccharides in human milk [123, 124].
In this line, a capillary gel electrophoresis (CGE method
with LIF detection was developed aiming to correlate lac-
tation time course and oligosaccharides content [124]. First,
samples were treated and fluorescent labeled using reductive
amination. Then, a method for the analysis of oligosaccha-
rides was developed. Optimum separation was performed for
130 min at 15 kV. Moreover a database containing migration
times and oligosaccharides found in human milk was gen-
erated. Finally, the method was applied to real samples and
the oligosaccharides were identified. As a result, the individ-
ual changes within the oligosaccharide composition could be
examined during the lactation time course [124]. In amore re-
cent work, oligosaccharides from humanmilk have been also
investigated [123,124]. In that work, 17 neutral and acidic hu-
manmilk oligosaccharides derivatized with 2-aminoacridone
were analyzed using high-voltage CE separation with UV de-
tection and 300 mM sodium borate at pH 10.5 containing
20% methanol as BGE. As a result, saccharides composition
of the milk samples obtained using CE were found to be
in agreement with previously published data achieved using
HPLC-MS and anion-exchange chromatography-pulsed am-
perometry detector.
Polysaccharidemolecules are complex linear or branched
chains composed of monosaccharide units. Their composi-
tional analysis generally encompasses a prior hydrolysis into
their monosaccharide units. Determination of polysaccha-
rides in asparagus (Asparagus officinalis Linn.) was done by
CE-AD after their hydrolysis with 1 M sulfuric acid in boil-
ing water [125]. As a result, fucose, galactose, glucose, rham-
nose, arabinose, fructose, and xylose were determined in the
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asparagus samples. More recently, hydrolysis of polysaccha-
rides of edible mushrooms (Termitomyces albuminosus and
Panus giganteus) was performed with 2 M TFA [126]. Af-
ter hydrolysis with TFA, PMP derivatization was carried out
and xylose, arabinose, glucose, mannose, and glucuronic acid
were quantified in the two species of mushrooms analyzed
by CZE [126].
7 DNAs
Over the last few years, novel DNA-sequencing approaches,
known as next-generation sequencing (NGS), are emerging
with cutting-edge applications in food science [127]. Despite
the high-throughput capabilities of the NGS instruments for
nucleic acids analysis, the technology is still evolving and
remains inaccessible to many laboratories. In consequence,
CE is still the method of choice in many food applications
for DNA analysis. It is interesting to note that, in the pe-
riod covered by the present review, most of de published CE
methods for DNA analysis have been aimed at assessing food
authenticity [128–134] and traceability [135].
In this area, the use of commercial microfluidic CE in-
struments to the analysis of genetic markers has notably in-
creased. Commercialminiaturized CGE solutions offermany
advantages such as simplicity and speed of analysis. For
instance, Garino et al. [128] developed a method to distin-
guish seven pure Italian rice varieties from imported blends.
In this case, the genetic markers of choice were classical
short-tandem repeats polymorphisms that were amplified by
PCR and separated and detected using the Agilent Lab-on-
a-chip R© technology with a new postanalysis statistical pro-
cessing method. This procedure allowed the generation of
genetic distances between the samples under study, clus-
tering the locally cultivated Italian rice varieties separately
from other foreign cultivars. In addition to the authentica-
tion of pure rice samples, the proposed method enabled the
identification of artificial blends, which suggests the good
possibilities of the method for rice testing. In a different ap-
proach, Spaniolas et al. [129] compared the performance of
the Lab-on-a-chip R© microfluidic system applied to the de-
tection of PCR-RFLP in coffee varieties with two SNP-based
diagnostic assays, namely, single-base primer extension cou-
pled to CGE-LIF analysis and pyrosequencing. The results of
the study indicated that single-base primer extension-CGE-
LIF provided the best sensitivity, whereas pyrosequencing re-
vealed the best linearity. In contrast to the other twomethods,
based on SNPs, authors stated that although the PCR-RFLP-
Lab-on-a-chip R© method performed well, the application of
this strategy is limited to the presence/absence of a restriction
site. Using commercial QIAGEN QIAxcell CGE microfluidic
system, Barakat et al. [130] developed a procedure for de-
tection of pork adulteration in sausages. Authors optimized
various porcine- and pork-specific PCR systems based on am-
plifications of mitochondrial D-loop and cytochrome b genes,
and used 18S ribosomal gene sequence as internal control for
amplification. Then, the specificity of amplified products was
assayed using theminiaturizedCGE system. Themethodwas
robust and suitable for detecting 0.1% pork adulteration in
raw and cooked sausages. QIAxcell system has gained pop-
ularity and other interesting applications can be found in
recent scientific literature. For instance, a new method based
on PCR-RFLP and QIAxcell separation technology was de-
veloped for the discrimination of oils from 17 Turkish olive
cultivars [132]. To discriminate the varietal origin of the sam-
ples, five PCR-RFLP systems were necessary. The procedure
was also applied to oil mixtures containing oil from more
than one variety, allowing the identification of varieties in bi-
nary mixtures. Another authenticity issues related with fish
products that have recently raised several concerns include
occurrence of allergies, abuse of endangered species and use
of cheap or toxic species. In line with this, Cyprinidae fish
species are high-priced food in Taiwan is frequently subject
of substitution with other fish that remain undetectable by
consumers. To address this problem, Chen et al. [131] de-
veloped a PCR-RFLP system that combined with QIAxcell
microfluidics system for the identification of ten Cyprinidae
fish species in processed products. The applicability of the
method was demonstrated by the identification of the species
in 24 commercial Cyprinidae-related products, showing the
potential of the procedure for routine food authentication.
Also related with fish authenticity, Rolli et al. [135] evaluated
the suitability ofmicrosatellites as DNAmarkers for the trace-
ability of European perch (Perca fluviatilis), an economically
relevant freshwater species in Europe. Microsatellites, which
are short tandemly repetitive DNA sequences, are considered
good genetic markers for traceability because of their abun-
dance and high polymorphism. Authors combined specific
methods for microsatellite markers generation with fluores-
cent labeling and CGE separation using a conventional CE
apparatus coupled to a laser module to increase sensitivity
and precision of genotyping. Using this approach, three poly-
morphic microsatellites and their combinations allowed cor-
rectly assigning or excluding 60 out of 62 Swiss perch samples
into their origin population. Rodrı´guez-Ramı´rez et al. [134]
have recently published an article that exemplifies another
CGEapplication to the detection of adulteration of fish-related
products. In their method, a PCR method to amplify specific
DNA sequences of soy in canned tuna samples was devel-
oped. As a positive amplification control, authors used a Cytb
gene sequence specific for tuna. After amplification step, PCR
products were unequivocally identified by CGE with LIF de-
tection. Themethodwas applied to the analysis of real adulter-
ated canned tuna samples providing evidences of commercial
fraud. In addition to the fraudulent practices detected for the
mentioned fish species, some Gadus species are frequently
subjected to fraudulent or unintentional mislabeling when
are commercialized as fillets. Thus, Dalmasso et al. [133] pro-
posed a novel molecular method for species identification
of salted and dried products derived from species belonging
to Gadiformes. The method involves the generation of PCR
fragments in a multiplex minisequencing reaction based on
single-base primer extension. After purification of the exten-
sion products, samples were analyzed using a conventional
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capillary sequencer. Authors demonstrated the applicability
of this methodology to the analysis of commercial samples,
confirming the species indicated in the label for all samples.
In the past decade, following the pioneering works from
our group [136], several CE-based methods have been de-
veloped for the detection of genetically modified organisms
in food samples. For instance, Basak et al. [137] developed
strategies for detection of insect-resistant cotton (MON531)
and herbicide-tolerant soybean (GTS40-3-2). More precisely,
two multiplex PCR methods were developed to specifically
detect trace amounts of the GM cotton and soybean, respec-
tively. Optimal conditions for multiplex reactions were es-
tablished using primer pairs, in which the forward primer
was fluorescently labeled with one of the two fluorophores (6-
carboxyfluorescein and hexacloro-6-carboxyfluorescein) used
in the study. This strategy allowed the generation of several
fluorescent PCR products with similar size, but different flu-
orescent features, which also provided additional discrimina-
tory information about the amplified DNA sequence when
analyzed by CGE equipped with a charge-coupled device de-
tector and set of appropriate filters.
The analysis of DNA markers for detecting the presence
of microorganisms is an interesting topic in food safety. Re-
cently, Ruan et al. [138] proposed a novel methodology based
on the use of duplex PCR in combination with CGE-LIF for
the detection of Cronobacter spp., an emerging opportunistic
pathogen with high mortality rate in infants resulting from
the consumption of contaminated food. Themethod involved
the amplification of gene sequences of 16S-23S rDNA inter-
nal transcribed spacer and the outer membrane protein A
of Cronobacter spp. Using linear polyacrylamide coated capil-
laries and a sieving matrix containing 0.9% methylcellulose
and SYBR Green I, separations of duplex PCR products were
resolved in 12 min. The method proved to be suitable for
the analysis of artificially inoculated food samples, includ-
ing milk powder, instant noodles, fermented bread, beef, and
egg cakes. Moreover, the method was applied to the anal-
ysis of infant formula products collected in different food
factories from nine provinces of China revealing that small
amounts of domestic commercial baby formula milk powder
were contaminated by the pathogen. The detection of other
two relevant foodborne pathogens, Listeria monocytogenes and
Escherichia coliO157:H7, is also of major importance. To this
regard, there is much interest in the development of new
methods allowing the rapid, sensitive, and simultaneous de-
tection of food-borne pathogenic species.Wang et al. [139] de-
veloped anovel strategy that involved the use of polydopamine
functionalized magnetic nanoparticles to efficiently capture
bacterial DNA in samples. After magnetic separation and
elution, DNA can be used as templates for polymerase
chain reaction followed by CGE-UV analysis. This analytical
strategy was successfully applied to the detection of both
food-borne pathogens in milk. The study of food spoiling
microorganisms is still a relevant research area in food mi-
crobiology. Recently, Alberice et al. [140] performed a compar-
ative study of two procedures for Alicyclobacillus acidoterrestris
quantification in orange juice. The study indicated that re-
verse transcription-PCR combined with Lab-on-a-chip R© tech-
nology was more rapid and sensitive for the detection of cell
viability than conventional plating methods.
8 Vitamins
Vitamins are organic biological compounds that are neces-
sary for our organism and, due to the incapacity of the human
organism to synthesize the majority of them, their adminis-
tration by a balanced diet is indispensable. Vitamins differ
in their structure, biological, and chemical properties and ac-
cording to their solubility can be divided into two groups:
water- and fat-soluble vitamins.
The separation and determination analysis in dietary sup-
plements of ten water-soluble vitamins, including PP (nicoti-
namide), B12 (cyanocobalamin), B2 (riboflavin), B6 (pyridox-
ine), B8 (biotin), C (ascorbic acid), B5 (pantothenic acid), B3
(nicotinic acid), B1 (thiamine), and B9 (folic acid) have been
evaluated by MEKC-UV [141]. Under the optimized condi-
tions, all vitamins could be separated within 18 min with
%RSDs values lower than 6% for sample analysis.
A MEKC method for the simultaneous analysis of some
vitamins belonging to the B group (thiamine, riboflavine,
nicotinic acid, and nicotinamide) and vitamin C in multi-
vitamin preparations and in artichokes (Cynara cardunculus
subsp. scolymus (L.) Hegi) has been developed [142]. The to-
tal analysis time was less than 20 min. and the LODs were
5 g/mL for all vitamins. The accuracy of the analytical pro-
cedure was confirmed by the analysis of certified and labeled
commercial multivitamin dietary supplements.
An experimental design and artificial neural network to
optimize CE separation of nicotinic acid and nicotinamide in
food (russula alutacea, instant dry yeast, functional drinks,
and vitamin water) was developed by Mu et al. [143]. Exper-
imental variables, such as SDS concentration and voltage,
were optimized using a statistical model. Under optimal con-
ditions, the LOD values were lower than 0.16 g/mL and the
total analysis time was less than 5 min. This CE method was
reported as an environmental friendly alternative to HPLC
routine analysis of these compounds.
Cereal grains are also an important source of B-group
vitamins. Recently, Parveen et al. reported the simultaneous
determination of phenolic compounds and vitamins B1 and
B6 in eight wheat varieties by MEKC [144]. Optimum sepa-
ration was achieved with a BGE at pH 9 containing sodium
tetraborate, SDS, and propanol at a wavelength of 225 nm.
Using this methodology, LODs were 0.03 and 0.05 mg/L for
vitamin B1 and B6, respectively.
The development of a simple, sensitive, and reliable
method for the routine determination of riboflavin in ce-
real grains by CE-LIF was studied by Chen et al. [145]. Two
on-line concentration techniques including stacking in re-
verse migrating micelles (SRMM) and sweeping were in-
vestigated and compared. The optimal conditions of sepa-
ration were achieved with 20 mM phosphoric acid, 140 mM
SDS, and SRMM on-line concentration method. Under these
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conditions, the LOD of the riboflavin was 0.29 ng/mL. The
method was applied to the evaluation of the 18 samples of
nine types of cereal grains (wheat bran, wheat, rice, black
rice, oats, corn, millet, buckwheat, and rye).
CZE with UV detectionmethod has been used for the de-
termination of nicotinic acid and vitamin C content in black
bean [146] Recoveries between 87–119% (n= 4) and 88–108%
(n = 4) for nicotinic acid and vitamin C, respectively, were
reported. Falkova et al. developed an automated procedure
for analyses of the solid samples based on multicommutated
stepwise injection analysis with subsequent determination
by CE-UV [147]. The applicability of the method was demon-
strated by determination of ascorbic acid in Sorbus aucuparia
(fruits), kiwi, apple, sweet pepper, and applesauce. LOD was
0.03 mg/g for ascorbic acid and satisfactory repeatability was
reported with RSD values ranging from 5 to 7% from ten
replicate measurements of the ascorbic acid content in real
samples.
Capillary electrophoresis coupled with chemolumines-
cence (CL) detection was proposed for analysis of nicoti-
namide in yogurt [148]. The methodology was based on the
inhibitory effect of nicotinamide to CL reaction of luminol-
K3Fe(CN)6 in alkaline aqueous solution.Authors reported an
RSD value lower than 2.2%, recoveries between 98 and 104%,
and a LOD of 3.0 nM.
Novel CE-ESI-triple quadrupole MS/MS methodology
has been developed for the analysis of different vitamins
B in dietary supplements [149]. Simultaneous separation
of thiamine, riboflavin, nicotinamide, nicotinic acid, pan-
tothenic acid, pyridoxine, biotin, folic acid, and cyanocobal-
amine could be achieved within 16 min. The LODs of the
method ranged from0.0419 to 0.2252g/mL, andRSDvalues
were less than 0.7 and 4.5%, formigration time and peak area,
respectively.
9 Small organic and inorganic compounds
Small organic and inorganic compounds arenaturally present
or added to food and beverages. Recently, Azevedo et al. de-
veloped and validated a simple and rapid (10 min) CZE
methodwith indirect UV detection for the simultaneous anal-
ysis of ten short-chain aliphatic organic acids in commercial
Brazilian sugarcane spirits [150]. The separations were per-
formed using a semipermanent capillary coating comprised
of 2-hydroxypropyltrimethyl-ammonium chloride chitosan,
and a 21 mmol/L -alanine and 10 mmol/L3.5 dinitroben-
zoic acid buffer (pH 3.6) as BGE. The LOD and LOQ ranged
from 0.69 to 2.70 mg/L and 2.76 to 8.11 mg/L, respectively,
intraday and interday precision for the whole procedure was
lower than 9% RSDs, and the recoveries percentage ranged
from 74–112%.
A simple CE method has also been partially validated
for the simultaneous quantification of nine aliphatic (formic,
oxalic, succinic, malic, tartaric, acetic, citric, lactic, and bu-
tyric) and three aromatic (benzoic, phenyllactic, and hydrox-
yphenyllactic) organic acids in 15 min in fermentation prod-
ucts of lactic acid bacteria [151]. The optimum BGE composi-
tion was 0.5MH3PO4 and 0.5mMCTAB (pH 6.24) with 15%
v/v methanol. The investigated method showed LODs values
ranging from 0.001 to 1.43 g/mL, LOQs ranged from 0.004
to 4.72 g/mL and RSDs values for intraday and interday
reproducibility were lower than 5%.
Reversed-phase HPLC and CE methods have been val-
idated and compared for the determination of (latic, acetic,
propionic, and butyric) organic acids in cassava starch fer-
mentation wastewaters by de Sena Aquino et al. [152]. The
LODs for HPLC and CE ranged from 1.0 to 3.7 mg/L and
2.0 to 3.0 mg/L, and the LOQs from 3.1 to 12.2, and 8.0 to
12.5 mg/L for HPLC and CE, respectively. With regard to the
compounds analyzed, no significant differences were found
between the methods in terms of analytical performance.
However, some benefits of CE compared with HPLC were
lower cost, lower waste generation, and shorter analysis time
(less than 2 min and 14 min, respectively).
A novel CZE method for simultaneous nitrate and ni-
trite determination in less than 0.5 min has been proposed
by Betta et al. [153]. The influence of different parameters
on the separation was studied and a solution of 10 mmol/L
perchloric acid and 40 mmol/L -alanine (pH 3.96) was used
as BGE. An experimental design was also applied to estab-
lish the appropriate extraction procedure. The method was
validated and applied to the analysis of 14 baby food sam-
ples. Authors reported %RSDs values of 0.21 and 0.89 for
migration time and LODs of 0.09 and 0.15 mg/L for nitrate
and nitrite, respectively. The possibility of applying the CZE
method for routine determination of nitrate and nitrite in
food was highlighted [153].
Simultaneous determination of inorganic iodine species
and iodinated AAs by CE was reported by Sun et al. [154].
In this work, the feasibility of an ion-pairing reagent for
resolution improvement for iodine speciation analysis by a
pressure-driven CE with UV detection was demonstrated.
The methodology was based on an electrostatic interaction
between tetrabutyl ammonium hydroxide and the negatively
charged iodine species. Baseline separation of iodine species
was achieved within 7 min, the LODs were below 0.06 mg/L
and %RSDs values for peak heights and areas were lower
than 3%. The application of the studied method was demon-
strated by speciation analysis of iodine in seaweed samples.
However, it suffered from high detection limits, which hin-
dered its application the analyses of real samples containing
ultra-trace iodine species.
Another interesting approach to elemental speciation in-
cludes the coupling of CE with inductively coupled plasma
MS (ICP-MS). CE-ICP MS has been studied to combine the
efficient separation capacity with the ultrasensitive detection
ability for high resolution studies. In this context, Qu et al.
developed and optimized a system consisting of a CE system
instrument interfacedwith ICP-MS for speciation and charac-
terization of metallic nanoparticles (e.g. gold, platinum, and
palladium) in dietary supplements [155].
The on-line combination of cITP and cITP (column cou-
pling capillary isotachophoresis, cITP-cITP) has also been
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Figure 3. Total ion electropherogram (TIE) and extracted ion elec-
tropherograms. (EIEs) of a sample of powdered infant formula.
CE-MS conditions: BGE, 30 mM ammonium formate-ammonia
medium (pH 9.6); separation voltage, +30 kV; capillary tem-
perature, 25°C; sheath liquid, 50:50, v/v isopropanol:UHQ water
mixture; flow rate,1.00 mL/min, and negative ion ESI-MS mode.
Redrawn from [158] with permission from Wiley-VCH.
applied to the simultaneous determination of macro- and
micro-nutrients at low concentration levels. cITP-cITP pro-
cedure has been developed by Chmiel et al. for the simul-
taneous determination of K+, Na+, Ca2+, Mg2+, and am-
monium in berries in related products [156]. Detection lim-
its for the method ranged from 0.030 to 0.097 mg/L with
RSDs values lower than 4.5%. Capillary ITP has also been ap-
plied for the analysis of glucosamine [157]. The validation of
the method demonstrated recovery values of 98.8%, LOD of
2.4 mg/L, and a good precision (RSD = 1.82%). The method
was applied to the evaluation of the glucosamine in 35 sam-
ples of dietary supplements.
CE-ESI-MS has been proposed by Rodrı´guez-Gonzalo
et al. [158] for the determination and simultaneous quan-
tification of five ribonucleotide 5´-monophosphates (adeno-
sine 5´-monophosphate, cytidine 5´-monophosphate, guano-
sine 5´-monophosphate, uridine 5´-monophosphate, and
inosine 5´-monophosphate) in infant formulas (see Fig. 3).
In their study, authors optimized the separation and quan-
tification of the analytes, and studied the compatibility of
several sample treatments with CE separation and ESI
ionization. A simple method based on centrifugal ultra-
filtration was applied as sample treatment. The method
proposed was validated according to European Legisla-
tion. The LOD values ranged from 0.8 to1.8 g/g, and
the recoveries percentage from 90–106%. This CE-ESI-MS
method was reported as an alternative to other chromato-
graphic methods for the analysis of nucleotides and related
compounds.
10 Toxins, contaminants, pesticides,
and residues
The occurrence of toxins in food represents a serious con-
cern worldwide due to their harmful effect on human health.
Although the maximum acceptable levels of many toxins in
foods have already been established, the imposition of regu-
latory limits for new toxins in foods is expected to continue
as new toxins are being identified as well as their potential
risk to public health. To guarantee the food safety, and to
minimize the potential risk to human health, it is neces-
sary to develop fast, sensitive, and reliable methods to de-
tect toxins. Mycotoxins are a group of secondary metabolites
produced by organisms of the fungus kingdom that can en-
ter human food chain affecting a large variety of food prod-
ucts. The last developments in mycotoxin analysis, including
those based on capillary electromigration methods, were re-
cently reviewed by Berthiller et al. [159]. Mycotoxins have
been object of investigation by CE in recent years. For in-
stance, the electrophoretic analysis of patulin, an important
mutagenic mycotoxin, produced by filamentous fungi of the
genera Penicillium, Aspergillus, and Byssochlamys, has been
attempted by Gu¨ray et al. [160]. Authors developed a CZE
method with UV detection for the analysis of patulin with-
out any interference from hydroxymethyl furfural, a typical
and important interference in patulin detection by HPLC-
UV in certain food samples. In that work, different buffer
types, pH, organic modifiers, detection wavelength, injecting
mode, and timewere studied to achieve optimal sensitivity.
Optimized separation conditions included a BGE contain-
ing 25 mM of sodium tetraborate and 10% ACN at pH 10.
The validation of the method demonstrated good linearity in
the range from 0.250 to 4.99 g/mL of patulin. In addition,
the reported LOD and LOQ values for patulin were 5.9 and
17.9 ng/mL, respectively, demonstrating the good sensitivity
of the method. Also, Guray et al. [161] optimized a CZE-
DAD method for the detection of zearalenone in feed and
cereals. In this approach, CZE-DAD procedure involved the
use of 20 mM sodium tetraborate at pH 9.0 with 15% ACN
and the addition of phenobarbital as internal standard. Using
these conditions, LOD and LOQ values of 8.25 and 25 g/L
were achieved, respectively. The application of the method to
the analysis of commercial samples revealed the presence of
zearalenone in 5 out of 15 samples indicating the suitability of
the proposed method for detecting the mycotoxin in complex
food samples.
C© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
126 T. Acunha et al. Electrophoresis 2016, 37, 111–141
Figure 4. Separation of paralytic shellfish toxins mixture using four different CE methods. (A) Electropherogram of CZE-UV using
30 mM phosphate buffer pH 2.5, sample injected at 5 kV for 10 s. (B) Extracted ion electropherogram) of CZE-MS at selected m/z using
35 mM morpholine pH 5.0, sample injected at 5 kV for 10 s. (C) Electropherogram of CZE-C4D using 25 mM sodium acetate buffer
pH 4.22, sample injected at 5 kV for 10 s. (D) Electropherogram of MEKC-FLD using 30 mM phosphate buffer at pH 8.5 containing 80 mM
SDS, sample injected at 0.7 psi for 10 s. Redrawn from [163] with permission from Wiley-VCH.
A relevant number of marine microalgae (including di-
noflagellates, cyanobacteria, and diatoms) and bacteria are
also responsible for the production of toxins that can accu-
mulate in certain herbivorous fish, zooplankton, and filter-
feeding shellfish becoming toxic for humans. CE presents
potential to separate a wide spectrum of these compounds,
which is being exploited for the accurate determination of
major marine toxin groups involved in paralytic shellfish poi-
soning, diarrheic shellfish poisoning (DSP), and ciguatera
disease. Sassolas et al. [162] have reviewed current CE ap-
proaches, among others, for the analysis of okadaic acid, a
DSP toxin that contaminates bivalves and originates severe
public health problems and economic damages to shellfish
farming. Recently, Abdul Keyton et al. [163] explored the
potential of using CZE-UV, CZE-capacitively coupled con-
tactless conductivity detection (C4D), CZE-MS, and MEKC-
fluorescence detection (FLD) techniques for the analysis of
12 paralytic shellfish toxins (see Fig. 4). A comparative study
of the fourmethods showed that CZE-UV and CZE-MS failed
to meet the required LODs imposed by legislation, but CZE-
C4D and MEKC-FLD showed LOD values below or close to
regulatory limits. Although CZE was not suitable for the sep-
aration of neutral C1 and C2 toxins, when it was coupled to
C4D detector, the method allowed for identification of ten
of the 11 charged toxins within a few minutes. By contrast,
MEKC-FLD method was suitable for fast screening of con-
taminated mussel samples with the 12 toxins although with
less sensitivity than the one provided typically by the most
common HPLC-FLD technique for shellfish toxin screening.
Further work by the same research group focused on the
development of a transient isotachophoresis-CZE with UV
and C4D detection for the analysis of paralytic shellfish tox-
ins in mussel samples [164]. In this approach, counter-flow
transient isotachophoresis was used to improve the sensi-
tivity and reduce sample matrix effects. Under optimized
conditions, separations of ten different paralytic shellfish tox-
ins were completed in 30 min. The method provided quan-
titative results comparable to those obtained with HPLC-
FLD in contaminated mussel samples. Following a differ-
ent strategy, Zhang et al. [165] developed a novel CE-based
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immunoassay (CEIA) method using ED for the simultane-
ous detection of four shellfish toxins, saxitoxin, brevetoxin,
domoic acid, and okadaic acid in shellfish samples. Au-
thors developed a competitive model in which a horseradish
peroxidase-labeled antigen was firstmixed with different con-
centrations of nonlabeled antigen (standard solution or sam-
ple extract) that competed for binding with the limited and
fixed amount of antibody to form immunological complexes
that are subsequently separated by CE. The main novelty of
the method was the use of conjugated gold nanoparticles in
the capillary to improve the resolution by altering themobility
of analytes. In addition to this, the presence of gold nanoparti-
cles improved the sensitivity since the bound enzyme-labeled
complex allows the amplification of electrochemical signal.
The enhanced CE method with gold nanoparticle labels was
successfully applied for the simultaneous determination of
four shellfish toxins in shellfish samples achieving LOD val-
ues ranging from 3.1 to 36.7 ng/L. In a separate report, Zhang
et al. [166] have recently applied the same concept to the de-
tection of ciguatoxin CTX1B in fish samples. The parameters
studied during the method development stage included the
amount of enzyme and antibody absorbed onto the nanopar-
ticles, incubation time on immunocomplex formation, and
other parameters affecting electrophoretic separation. Under
optimal CZE-UV conditions, a LOD value of 0.045 ng/mL
was achieved, which is over 38-fold lower than that of HPLC-
MS for the same toxin. A novel and interesting design for
postcolumn reaction in CE systems has been recently re-
ported by Abdul Keyton et al. [167]. In their work, authors
devised a micro cross for positioning a salt bridge-electrode
opposite the separation capillary outlet to keep the electri-
cal connection during the electrophoretic separation. Using
this strategy, it was possible to use droplets of water-in-oil
with a size of approximately 14 nL containing reagents for in-
capillary oxidation and subsequent LIF detection of paralytic
shellfish toxins. The method was validated for neosaxitoxin
and decarbamoylgonyautoxin 2 that were detected in 10 min,
showing good performance in terms of sensitivity, precision,
and linear range.
The extensive use of pesticides in agriculture has at-
tracted much attention since the persistence of residues in
food represents a risk for human health. Regarding the new
developments of CE-based methods for the analysis of this
chemically diverse group of compounds, the bulk of pub-
lished papers have been focused on herbicides. On this topic,
a comprehensive overviewof the currentCEdevelopments for
herbicide analysis [12] and a more general article reviewing
the analysis of orphan and difficult pesticides [168] have been
recently published. Improvements in sampling and sample
preparation methods used to detect herbicides in food prod-
ucts continue to be a high priority in this analytical area.
For instance, Puzio et al. [169] synthesized three molecularly
imprinted polymers (MIPs) to bind efficiently glyphosate in
water. Authors used CE-UV for the optimization of sample
preparation conditions. Then, a comparative study on the effi-
ciency and selectivity of the developedmaterials with those of
nonimprinted polymer by SPE demonstrated the superior ca-
pabilities of MIPs over the more traditional SPEmaterials for
glyphosate herbicide. Also, the direct analysis of glyphosate,
glufosinate-ammonium, and aminomethylphosphonic acid
in apple skin has been approached using liquid extraction
surface analysis in-line coupled with CE by Sung et al. [170].
The herbicideswere directly extracted into a liquidmicrojunc-
tion formed by dispensing the extractant from the inlet tip of
a separation capillary. After extraction, pesticides were deriva-
tized in-capillary with 4-fluoro-7-nitro-2,1,3-benzoxadiazole
and analyzed with CE-LIF. Optimization of derivatizing agent
concentration, mixing time, and standby time allowed to im-
prove the sensitivity of the method, achieving LOD values
between 1 and 10 ppb, which are about 20-fold lower than
the tolerance limits established by regulatory authorities. In
another application, Kukusamude et al. [171] successfully at-
tained the detection of paraquat and diquat, two cationic qua-
ternary ammoniumherbicides in cowmilk, using a combina-
tion of field enhanced sample injection (FESI) and micelle to
solvent stacking (MSS) with CZE-UV. In this methodology,
a sample clean-up step by cloud point separation using Tri-
ton X-114 was included previous to electrophoretic analysis
to remove unwanted milk proteins. A detailed study during
optimization of the methodology involved the investigation
of parameters affecting the clean-up process such as the equi-
librium temperature and time, as well as the conditions af-
fecting stacking by FESI-MSS, including hydrodynamic mi-
cellar solution injection and electrokinetic sample injection
times. Using this procedure on milk samples, good linearity,
and LODs were obtained for both paraquat (0.004 g/mL)
and diquat (0.018 g/mL) improving from 1.5 to 2 orders of
magnitude in detection sensitivity over the nonstaking CZE
method.
The use of nanomaterials in CE methods also offers
good potential for the analysis of herbicides. This has been
exemplified in a recent study on the combined use of dis-
persed carbon nanotubes with ionic liquid for CE separa-
tions of sulfonylureas in wheat and sorghum [172]. In that
study, a clean-up preconcentration procedure was done prior
CE analysis. Then, nicosulfuron, ethoxysulfuron, sulfome-
turon methyl, and chlorsulfuron herbicides were separated
in 16 min without using organic solvents. The herbicides
were detected at levels below the maximum residue limits
(MRLs) imposed for each analyte, demonstrating the suitabil-
ity of the method for the analysis of sulfonylureas in cereals.
More recently, the determination of halosulfuron-methyl, an-
other sulfonylurea herbicide, has also been approached using
CE-MS/MS [173]. Authors extracted the herbicide from sug-
arcane juice and tomato samples using a procedure based
on quick, easy, cheap, effective, rugged, and safe followed
by electrophoretic separation in NH4HCO3 electrolyte at
pH 8.5, and detection by electrospray-MS/MS. The reported
recovery values for spiked samples ranged from 96 to 105%,
and the LOD for the herbicide in juice and tomato was
2 ppb. In a separate report, the application of CE-ECL was
investigated to the analysis of yam samples for the detection
of three phenylurea herbicides, namely monuron, monolin-
uron, and diuron [174]. Separations were performed using
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25 mM phosphate buffer at pH 8.0 as BGE and a CE instru-
ment coupled with an ECL detector. Initially, the optimum
Pt electrode potential for the detection of the three herbicides
was established in the detection system. Then, several vari-
ables affecting the separation, including buffer composition
and pH, and separation voltage were investigated using a
standard mixture of the three herbicides. In order to validate
the feasibility of the procedure for the analysis of the three
phenylureas, the performance of the method was evaluated
with spiked yam samples. CE-ECL analysis provided separa-
tions without interfering signals, and LOD values were lower
than 0.01 g/kg.
Besides the great interest on herbicide analysis, there are
also examples of the application of novel capillary electromi-
gration developments for the determination of fungicides and
insecticides in food samples. A work by Soliman and Donkor
demonstrated the good possibilities of using MEKC-UV for
the determination of a group of three fungicides (i.e. thiaben-
dazole, carbendazim, and fuberidazole) inwater [175]. During
method development, several experimental variables were in-
vestigated to provide optimal conditions suitable for the anal-
ysis. The study revealed that phosphate/SDS buffer provided
better resolution and sensitivity, than acetate/cholate buffer
making it more suitable for quantitative analysis. After opti-
mization of separation anddetection parameters, the reported
LODs were about 0.7 mg/L. The use of MIPs in SPE coupled
to CE was also useful for the detection of trichlorfon insecti-
cide in cucumber, lettuce, and radish samples [176]. In that
study, extraction conditions including the eluent composition
and volume, and the sample loading flow rate and time, were
optimized to achieve highest sensitivity. Optimal separation
conditions were achieved using sodium borate–boric acid at
pH 9.3 as buffer system. The whole procedure showed good
selectivity and the use of MIP improved sensitivity by 160-
fold. The recovery of the method was high with low variation
indicating the there was little matrix effect in the analysis of
real samples.
The persistence of antibiotic residues in food is becom-
ing a serious concern and in consequence, the presence of
these drugs in food is regulated in many countries by spe-
cific legislations imposing strict MRLs. The enforcement of
these regulations implies that sufficiently sensitive analytical
tools must be available to provide reliable determinations of
multiple antibiotics in food products. To this aim, several CE-
based methodologies have demonstrated excellent potential
allowing the separation of a wide spectrum of these com-
pounds in different food matrices. Excellent reviews cover-
ing advances in CE analysis of antibiotics have been lately
published [16, 18]. Recent developments for the determina-
tion of quinolones have been directed to improve sensitivity
with different innovative materials for sample preparation.
This was exemplified in a work by Spirnger et al. [177], where
the determination of ciprofloxacin, norfloxacin, and ofloxacin
was successfully achieved in bovine milk using CE-UV and a
pipette-tip SPE step based on multiwalled carbon nanotubes
prior CE separation. The mount of sorbent material, pH of
sample solution, sample volume, extraction temperature, and
the number of rinsing sets necessary for quinolones extrac-
tion were studied and optimized. During optimization of
the separation conditions, the addition of CTAB to a BGE
containing 20 mM amomonium dihydrogenphosphate at
pH 3.0 provided the best resolution in the separation of the
three quinolones. The simplicity of the method as well as
the achieved sensitivity were enough to meet the require-
ments imposed by legislation, suggesting the good possibil-
ities of this method for routine testing. In a separate report,
Tian et al. [178] approached the analysis of quinolones using
polyamidoamine dendrimers, which are highly branched and
symmetrical macromolecules. Their uniform surface charge
density and structural homogeneity provided better separa-
tion performance than other pseudostationary phases. In that
study, dendrimers were used as binding agent in sample so-
lution and in running buffer as pseudostationary phase to
achieve the resolution of six quinolones in chicken samples.
As for the case of other food contaminants, a MIP has been
exploited in combination with CE-MS for the selective anal-
ysis of eight quinolones in bovine milk samples [179]. In
this case, a MIP was used as sorbent for the construction
of an in-line SPE analyte concentrator in CE-MS. The re-
ported recoveries were higher than 70% and LODs values
ranged from 1.0 to 1.4 g/kg, which are below MRLs es-
tablished in the EU regulation. Following a different strat-
egy, Springer et al. [180] also combined CE and MS for the
determination of fluoroquinolones in bovine milk. More pre-
cisely, ciprofloxacin, norfloxacin, and ofloxacin were analyzed
by CE and off-line CE-MALDI-TOF spectrometry coupling.
Such off-line coupling allowed the individual deposition of
analytes in small size spots and provided direct information
of the mass of the molecules. The chemical composition of
BGE and the capillary coating were optimized to minimize
suppression of the MS signal after spot deposition. Deng
et al. [181] combined FESI-based CE with the use of a bubble
cell capillary to enhance the sensitivity detection of five fluoro-
quinolones (ciprofloxacin, enrofloxacin, lomefloxacin, flerox-
acin, and ofloxacin) in bovine milk. In that work, authors
investigated the effect of BGE composition, injection param-
eters, and injection water plug on the separation. Under the
optimized conditions, the analysis of fluoroquinolones pro-
vided LODs between 0.4 and 1.3 ng/mL, which are much
lower (from 460 to 1500 times) than those obtained by a con-
ventional CE in a standard capillary without bubble cell. Xu
et al. [182] explored the application of another simple on-
line preconcentration method that combines field-amplified
sample stacking (FASS) with sweeping technique for the de-
termination of enrofloxacin and ciprofloxacin in a variety of
food samples. The analysis of real samples was performed
using 120 mM sodium deoxycholate in the BGE and adding
gamma-cyclodextran to the sample matrix to improve the
efficiency of sweeping process. Authors attained LODs that
were lower than the MRLs of the tested compounds in milk,
chicken, pork, swine liver, and kidney samples showing inter-
esting perspectives the application of this approach for rou-
tine analysis. Besides UV and MS, other detection schemes
such as LIF detection have been recently exploited for the
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determination of quinolones in food samples. For instance,
Meng et al. [183] optimized a new MEKC method using
quantum dot indirect LIF to detect five quinolone in animal-
derived food products. Quantum dots (QDs) are the semicon-
ductor nanoparticles made up of the II–VI and III–V group
elements in the periodic table, which have interesting spectral
properties, such as stable and intense fluorescence emission.
In addition, the emission wavelength of QDs can be con-
trolled by engineering their particle size in the process of
synthesis. Thus, in that work, authors synthetized cadmium
telluride QDs that could be used as fluorescent background
substance inMEKC-indirect LIF detection of quinolones. Us-
ing an optimized running buffer containing 20 mM SDS,
7.2 mg/L QDs, and 10mM borate at pH 8.8, the separation of
five quinolones was achieved within 8 min with LODs values
between 3 and 8 g/kg. Recently, a novel CEIA method with
LIF detection was developed for norfloxacin residue analysis
in food products [184]. This novel development involved label-
ing of norfloxacin with fluorescein isothiocyanate to perform
competitive immunoassay between the labeled and nonla-
beled forms of quinolone with a limited amount of antinor-
floxacine. Then, the intensities of labeled norfloxacin and
labeled immonocomplex were related to the original concen-
tration of free norfloxacin in chicken, pork, fish, and milk
samples. The proposed CEIA-LIF method demonstrated to
be more sensitive than ELISA method (LODs, 0.05 versus
0.016 g/L), avoiding the multiple steps and reducing errors
and deviations.
Sulphonamides are another relevant group of antibiotics
whose residues in food of animal origin have caused much
concern because of their harmful effects on human health
and the potential development of resistance to pathogens.
Last developments based onCE techniques have been focused
on the investigation of novel strategies for sample prepara-
tion, with particular attention in nanomaterials. For instance,
graphene, a new class of carbon nanomaterial, has been
used as SPE adsorbent for CZE determination of four sul-
fonamides in meat samples [185]. In another approach, Polo-
Luque et al. [186] explored the sorption capabilities of single
walled carbon nanotubes and multiwalled carbon nanotubes
dispersed in the ionic liquid 1-hexyl-2-methylimidazolium
hexafluorophosphate to preconcentrate sulphonamides from
milk samples. The dispersed nanomaterials were retained
on a C18 stationary phase to obtain a hybrid material with
excellent sorption capabilities. Other novel approaches for
sulfonamide detection include the application of efficient
techniques such as combined accelerated solvent extraction,
which has demonstrated its potential to obtain sulfonamides
and their N4-acetylated metabolites from shrimp samples for
subsequent analysis by CZE-UV [187]. The proposed method
reduced the volume of solvent required compared to con-
ventional extraction techniques. The whole process provided
rapid separations with satisfactory repeatability and good sen-
sitivity.
The traditional addition of 5-nitroimidazoles, a specific
class of antibiotics, to animal feed as growth promoters in-
volves the need of carrying out exhaustive controls with the
aim of detecting this illegal practice. The determination of
these antibiotics in milk was investigated using SPE and
MEKC-UV by Herna´ndez-Mesa et al. [188]. Using mixed
cation exchange SPE cartridges, an off-line concentration fac-
tor of 18 was achieved whereas in capillary sweeping effects
enabled further concentration of all the analytes, providing
LODs lower than 1.8 g/L.
In addition to the aforementioned methods for deter-
mination of specific categories of antibiotics in food, other
CE-based methods have been developed to simultaneously
detect different classes of antibiotics. For instance, Zhai
et al. [189] have recently published a report on the deter-
mination of chloramphenicol, ciprofloxacin, and nitrofuran
antibiotics and their metabolites in fishery products by CE-
UV. As nitrofuran metabolites lack UV chromophores, a
derivatization step was implemented for their detection by
UV. The optimized separation buffer, containing 2 mM
sodium dihydrogen phosphate, 20 mM disodium hydro-
gen phosphate, 80 mM sodium deoxycholate, and 10 %
methanol v/v, pH 9.0, and a running voltage of 20 kV
allowed the separation of the three antibiotics and their
metabolites.
Endocrine disrupting compounds (EDCs) are other class
of food contaminants whose determination has been also ap-
proached by CE. The occurrence of most of these xenobiotics
in foodstuffs is due to the use of synthetic chemical products
for packaging. Among EDCs, bisphenol A (BPA) have at-
tracted particular attention and, in last years, its analysis has
been approached using various extraction procedures in com-
bination with CE. For instance, Alenazi et al. [190] success-
fully developed a MIP using ethylene glycol dimethacrylate
and methacrylic acid to specifically bind BPA in water and
milk samples. After MIP preparation, nonspecific-binding
sites were blocked by site-selective chemical modification
with dizomethane. In this study, CE-UV method was used
to evaluate the selectivity of the treated MIP toward BPA in
the presence of other spiked compounds. The reported re-
sults of the study suggested that the treated MIP provided
more selectivity than commercial MIPs. DLLME combined
with CZE-UV has also been applied to the analysis of BPA
in beverages [191]. A major advantage of DLLME over other
extractionmethods such as SPE and solid-phase microextrac-
tion (SPME) was the lower consumption of organic solvents
(microliters), shorter extraction time (few seconds), and sim-
plicity of operation. The application of DLLME with CZE-UV
allowed the analysis BPA in real samples, with little matrix
interference. In addition to these improvements in sample
preparation of BPA, a new CZE-AD method proved to be
a good alternative for the analysis of this EDC in drinking
water [192]. In this procedure, samples were prepared using
an off-line SPE method and a boron-doped diamond elec-
trode was used as an electrochemical detector that provided a
favorable analytical performance for detecting BPA and other
three EDCs (bisphenol F, 4-ethylphenol, and bisphenol A
diglycidylether). The main advantages were the achieve-
ment of lower noise levels, higher peak resolution with en-
hanced sensitivity, and improved resistance against electrode
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passivation. The LODs for the four compounds ranged from
0.01 to 0.06 M, and the methodology enabled the detection
of 0.03 M BPA in plastic bottle water container exposed to
sunlight for 7 days.
The consumption of meat containing residual rac-
topamine hydrochloride (RP) presents serious concerns in
public health. This veterinary drug is a -adrenergic agonist,
frequently used for enhancing feeding efficiency in animals,
and its presence in meat may cause side effects in humans
upon consumption. Matrix interferences are often the major
problem encountered in most of the analytical solutions de-
veloped for the determination of RP in meat samples. The
quantitative determination of RP and its homologue dehy-
droxyractopaminehas been recently approachedusing cation-
selective exhaustive injection (CSEI) sweeping-MEKC [193].
Using CSEI-sweeping-MEKC, samples are dissolved in a low-
conductivity matrix and are electrokinetically injected in to a
higher conductivity buffer zone for a long time. Then, the
analytes can be swept and separated by MEKC. In that work,
authors used a fractional factorial design and response sur-
facemethodology to facilitate the optimization of the different
parameters affecting the analysis. The sensitivity improve-
ment was about 900-fold in the case of LODs of the proposed
method compared to the normal CZE. The method was val-
idated and applied to the analysis of several porcine meat
samples demonstrating the good possibilities of the method
as a simple and fast procedure for routine analysis of RP.
Another veterinary medicine that has attracted attention is
amprolium. This drug is often used to prevent and treat coc-
cidiosis in poultry and, in case of abusive intake or with-
drawal periods are not fully accomplished, it may arrive to
consumers. The application of field-amplified sample injec-
tion (FASI)-CZE equipped with diode array detection system
has recently showed to be suitable for the analysis of ampro-
lium in eggs [194]. The methodology involved a previous step
of sample treatment using SPE, followed by in-line precon-
centration using FASI in order to achieve higher sensitivity.
During method validation stage using egg samples, authors
observed an interfering compound comigrating with ampro-
lium. The analysis of this compound using CE-MS allowed its
identification as thiamine. The reoptimized method allowed
separation of the amprolium and thiamine and the quantifi-
cation of the former in eggs at concentrations below the MRL
imposed by regulatory authorities.
Nonsteroidal anti-inflammatory drugs (NSAIDs) are
other type of contaminants that represents a risk to the
consumer if their residues enter the food chain. Etodolac,
naproxen, ketoprofen, flurbiprofen, and ciclofenac belong to
NSAIDs class and are frequently used in veterinarymedicine.
In consequence, the use of NSAIDs in food-producing ani-
mals might create public health problems, especially in the
international trade of milk and dairy products. FASS-CZE
determination of five NSAIDs has been approached using
DLLME for sample preparation [195]. DLLME parameters in-
cluding type and volume of extraction and disperser solvents,
ionic strength, and extraction time were key for optimal ex-
traction of the five drugs. The performance of the DLLME-
FASS-CE method was evaluated with spiked milk, yogurt,
and white cheese samples. The study revealed LOD values
between 3 and 12.1 g/kg and LOQs ranging from 10 to
43.7 g/kg, with good reproducibility (%RSD6.2% for in-
terday analysis). Finally, the applicability of the whole pro-
cedure was demonstrated in real samples and compared to
other SPME-, SPE-, and LLE-based methods coupled to dif-
ferent high-resolution separation techniques.
Recently, the increasing occurrence of drug-facilitated
crimes based on the drug-spiking on drinks has raised
some concerns and challenges in forensic science. Benzo-
diazepines constitute one of the groups of drugs more com-
monly sued to perform such crimes, in which the analysis of
the drinks used to perpetrate drug-facilitated crimes is neces-
sary, as theymight be the only lasting evidence. Sa´iz et al. [196]
have usedCE-C4D technique in combinationwith chemomet-
ric multivariate techniques, including PCA and soft indepen-
dent modeling of class analogies classification. This novel
strategy, based on the comparison of electrophoretic profiles
obtained from 63 different club drinks spiked with benzo-
diazepine, allowed the determination of this drug in drinks
without the use of drug standards.
11 Food additives
Many food additives are currently used in the preparation of
processed foods. In general, these additives can be obtained
from nature or manufactured by the chemical industry. The
main food additives analyzed by CE in the period covered by
this review (2013–2015) were sweeteners [197–201], preserva-
tives [202–210], and colorants [211–213].
Sweeteners are compounds that are added to foodstuffs
in order to confer a sweet taste, for economic reasons or for
health reasonswhere glucosehas to be reduced (bloodglucose
regulation or caloric control). The vast majority of sweeten-
ers approved for food are syntheticwith some exceptions as
for instance sorbitol and xylitol, which are natural sweeten-
ers found in berries, fruit, vegetables, and mushrooms. Most
artificial sweeteners approved by US and EU food agencies
are stevia, aspartame, sucralose, neotame, acesulfame potas-
sium, saccharin, and advantame. A very recent CE method
using indirect UV detection with a short-end injection proce-
dure has been developed for the determination of aspartame,
cyclamate, acesulfame-K, and saccharin [197]. Samples and
standards were injected hydrodynamically and separated us-
ing 45 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol and
15 mM benzoic acid (pH 8.4), in less than 1 min. The CZE-
UV method permitted the quantification of the analytes in
five sweeteners (two liquid and three solids), four soft drinks,
two ice teas, and four pharmaceutical preparations. The same
artificial sweeteners were determined by a CZE-UV method
in a lemon tea sachet [198]. Separation was carried out us-
ing 20 mM sodium tetraborate, 15 mM Tris and 7.5 mM
benzoic acid (pH 9.15) as BGE followed by simultaneous
indirect and direct UV detection. As a result, baseline res-
olution was achieved in 6 min. In addition, no significant
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differences were found in the label of lemon tea sachet when
compared to the experimental levels of sweeteners obtained
using that method. A CE method with contactless conductiv-
ity detection was developed for the analysis of the same four
sweeteners [199]. In this later, case the BGE consisted of
150 mM 2-(cyclohexylamino) ethanesulfonic acid and
400 mM tris(hydroxymethyl)aminomethane at pH 9.1. Val-
idation of the method was achieved by the analysis of a table-
top sweetener tablet, two confectionaries and three low calorie
soft drinks.
Neotame is a new artificial sweetener already approved
as a food additive by the US Food and Drug Administration.
Although up to dateHPLC is considered the standardmethod
for neotame analysis, there is an increasing demand of less
expensive methods for the determination of this sweetener.
For instance, a CZE-UV method has been developed for the
analysis of neotame in cola drink and yoghurt [200]. Due to
the low concentration of neotame in samples, SPE was per-
formed prior analysis. Optimal analysis conditions included
borate buffer at 20 mM (pH 8). The developed method was
suitable for neotame analysis in a short-analysis time (less
than 5 min). Recently, neotame and other sweeteners, i.e.
aspartame, sodium cyclamate, sodium saccharin, and ace-
sulfame have been analyzed by CE-UV using 0.2 M borate
(pH 8.29) as electrophoresis buffer at +23 kV separation volt-
age [201]. Good linear regression equation correlation and
low RSD values (below 7%) were obtained for all sweeteners
showing good potential for its application to food samples.
Preservatives are food additives typically added to food
to control the growth of undesirable microorganisms and to
maintain the freshness of foodstuffs. However, at excessive
quantities they can be harmful to health. The development of
suitable and rapid analytical methods to determine preserva-
tives is imperative to ensure food safety without health risk.
Among food preservatives, organic acids and their salts are
common preservatives due to their ability to inhibit a wide
variety of pathogens and may also act as acidity regulators
in food and beverages. Ten preservatives (i.e. dehydroacetic
acid, sorbic acid, benzoic acid,methyl paraben, ethyl paraben,
isopropyl paraben, propyl paraben, isobutyl paraben, butyl
paraben, isopentyl paraben) were analyzed by MEKC in dif-
ferent sauces (soy, oyster, abalone, tomato, jam, and chili
sauces) and pickle, jam, beverages, candied fruit, cheese, pas-
tries, cake, and jelly samples. [202]. Sample treatment prior
analysis was dependent on the nature of each sample. The ten
preservatives were spiked at different concentrations (from
1.5 to 200 mg/L) within all samples in order to construct
calibration curves using MEKC. Six samples (two kinds of
pickles, pastries, and cheese) were detected to have sorbic
acid and benzoic levels above the permitted levels (levels es-
tablished in China). In addition, the results showed that the
current method could meet the needs for routine analysis for
these preservatives.
Given the low concentration of preservatives in food sam-
ples different approaches have been employed to increase
sensitivity. For instance, an online dynamic pH junction-
sweeping method was coupled to CE for the analysis of ben-
zoic acid and sorbic acid [203]. Dynamic pH junction together
with sweeping demonstrated to significantly enhance sensi-
tivity during CE analysis. As a result, nanomolar concen-
trations of preservatives could be detected. The developed
method was applied to real food samples of juice, two soft
drinks, two soy sauces, and a wine sample. Another strategy
applied to increase sensitivity for preservatives detection was
a two dimensional isotachophoretic cITP-cITP method [204].
Preservatives were detected by two methods of detection,
namely conductometric and UV-Vis. Benzoates, sorbates, cit-
rates, and orthophosphates were detected in five juice sam-
ples and seven soft drinks.
Recently, ionic liquids were incorporated in a CEmethod
for the quantitative determination of 8 preservatives (i.e.
butyl p-hydroxybenzoate, propyl p-hydroxybenzoate, ethyl
p-hydroxybenzoate, methyl p-hydroxybenzoate, m-amino
benzoic acid, sorbic acid, benzoic acid, p-hydroxybenzoic
acid) [205]. The method was used for the determination of
preservatives in four soft drinks. It was observed that sorbic
acid was present in the three fruit juices (lemon, grape, and
haw juices) while benzoic acid was detected in the vitamin
beverage.
Parabens are a group of compounds widely used in foods
as preservatives due to their antimicrobial activity. Parabens
are alkyl esters of p-hydroxybenzoic acid and their antimi-
crobial activity is directly related to the hydrocarbon chain
length [206]. However, their water solubility also decreases
with the hydrocarbon chain length and thus, the use of
parabens with longer alkyl chains is limited. Some impor-
tantmembers of this family aremethylparaben, ethylparaben,
n-propylparaben, iso-propylparaben, n-butylparaben, iso-
butylparaben, and benzylparaben. Parabens are generally
found in low concentration and thus different approaches
of sensitive enhancement have been applied for their anal-
ysis. For instance, DLLME followed by CE has been re-
cently applied for parabens analysis [207]. Applying that
method, methyl-, ethyl-, propyl-, and butyl- parabens were
analyzed in samples of breast milk, tomato paste, pickle,
mixed fruit juice, and ice cream. Another approach to in-
crease paraben sensitivity is to use on-column preconcen-
tration strategies prior to CE separation. In this line LVSS,
FASI, sweeping, and in-line SPE-CE, were investigated for
the simultaneous separation and preconcentration of a group
of parabens [208]. Methods were optimized for the determi-
nation of methylparaben, ethylparaben, propylparaben, iso-
propylparaben, butylparaben, and benzylparaben and were
validated in water samples. Although sensitive was still not
enough to detect parabens in water, the in-line SPE-CE
method offered the most sensitive results among the four
preconcentration strategies.
Another research work was focused on the determina-
tion not only of parabens but also of organic acids in food
by CE with laser induced fluorescence detection [209]. For
that purpose, cadmium telluride QDs were used as fluores-
cent background. After optimization of analysis conditions
five preservatives, namely propylpareben, sodium dehydroac-
etate, sorbic acid, benzoic acid, and sodium propionate were
analyzed in 8.5 min with %RSD values lower than 4%. Using
that methodology, two beverages, cake and biscuit samples
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were further analyzed showing low %RSD values for preser-
vatives (less than 5%).
Other additives present in a wide range of foods and
used as food preservatives are nitrates and nitrites. These
compounds in addition to conferring bacteriostasis also help
to develop color of food. Zhan et al. developed an open-tubular
(OT) CEC for the analysis of nitrites and nitrates in hams and
sausages [210]. Authors highlighted the high stability of the
OT-CEC system as well as the suitability of the method for
its application in the analysis of trace nitrites and nitrates in
food samples.
Pigments and colorants are chemical substances that can
provide good-looking colors to food ingredients. Main reason
to use pigments for foods is that there is a great influence
of color of food in the flavor perceived. Pigments can be
classified by their origin as natural or synthetic or by their
composition as dyes or lakes. Among dyes and lakes, main
difference is that lakes are composed of a dye mixed with pre-
cipitants and salts conferring higher stability to the formula.
Recently, two aluminum-based lakes were evaluated through
CZE [211]. The analytical methods developed for the analysis
of both lakes were similar except for the voltage applied and
the concentration of the BGE. As a result limits of detection
of 0.26 and 0.27 mg/L were obtained for tartrazine lake and
sunset yellow lake respectively highlighting the potential use
of these methods for the analysis of color lakes in foods [211].
More recently a dispersive solid-phase microextraction was
developed for the determination of four very common food
colorants, carminic acid, tartrazine, sunset yellow, and bril-
liant blue [212]. Separation of all these colorants was achieved
in less than 8min.When themethodwas applied to juice bev-
erages, effects of coexisting species such as citric, ascorbic,
benzoic or malic acid among others, was studied and no in-
terferences were found. In addition, authors highlighted the
great sensitivity obtained using this method compared to the
direct CZE analysis, being LOD 60-fold lower for the new
method. Other colorants that have been widely used as food
additives are Sudan dyes. Sudan dyes have demonstrated to
present dangerous effects on human health being their use
forbidden in the EuropeanUnion. However, due to the global
market, Sudan dyes have been detected in imported food re-
vealing the importance of fast and sensitive analytical meth-
ods for their detection. In order to give respond to this issue,
a MEKC-MS/MS method was developed for the detection of
Sudan dyes I, II, III, and IV [213]. For that purpose, analytes
were separated using a BGE composed of 40 mM ammo-
nium bicarbonate, 25 mM SDS, and 32.5% ACN v/v. Since
UV detection was not suitable for the determination of these
dyes, parameters for MEKC coupling with MS in the posi-
tive ion mode were optimized. That strategy permitted the
MS fragmentation of each dye contributing to their identifi-
cation. Finally, themethod was successfully validated in chilli
powder samples.
In addition to the above-mentioned methods for deter-
mination of specific categories of preservatives in food, ad-
ditional CE-based methods have been designed to detect
different classes of preservatives at the same time. For in-
stance, a group of 16 food additives, namely, ten colorants
and six preservatives, could be effectively separated using a
CE method developed by Long et al. 2012 [214]. Colorants in-
cluding acid red 92, patent blue V, uranine, acid red 1, indigo
carmine, black BN, ponceau 6R, quinoline, amaranth, lemon
yellow colorants, and preservatives such as benzoic acid, sor-
bic acid, methyl paraben, ethyl paraben, propyl paraben, and
butyl paraben were analyzed in beverages using as BGE
70 mM boric acid with 4% ACN at 30 kV and 220 nm as
wavelength.
12 Food processing
Food processing is a crucial issue in food science since the
chemical composition of food components can be modified
during the different processing steps, they include, e.g. heat-
ing, roasting, storage, ripening, etc. The difficulty to evaluate
these changes is high considering that there are many pa-
rameters that can contribute to the chemical changes of food
compounds during processing, such as temperature, pH of
the system, oxygen availability, the presence of metal ions as
well as other compounds that can interact to each other [215].
HMF (5-hydroxymethylfurfural) is an important marker
of food processing and storage widely recognized as an im-
portant parameter of food freshness and quality. Its amount
depends on the composition of a food product and on the ther-
mal treatments to which the food is subjected. An innovative
CE-MS/MS method was developed for the quantification of
HMF in food products exploiting selected product ion mon-
itoring as acquisition mode. The method was applied to the
analysis of different kind of samples: cereal-based baby foods,
coffee, soft beverages, and vinegars. In order to show the re-
liability of the proposed method, results were compared with
those obtained by HPLC-UV, and a good accordance between
the two sets of data was found [216].
Membrane processing offers several advantages over
conventional methods for separation, fractionation, and re-
covery of bioactive components from food by-products. In a
recent work, CE was used to monitorize the isolation of natu-
ral lactose-derived oligosaccharides (OS) from caprine whey
using membrane processing. The final use of the OS was
the development of functional foods for clinical and infant
nutrition. CE allowed to determine the most efficient process
consisiting in the combination of a pretreatment to elimi-
nate proteins and fat, using an ultrafiltration (UF)membrane
of 25-kDa molecular weight cutoff (MWCO), followed by a
tighter UF membrane with 1-kDa MWCO. Circa 90% of the
carbohydrates recovered in the final retentate were OS [122].
Also CEwas used tomonitor whey demineralization, which is
mandatory for further processing and food applications of this
dairy byproduct. CE was applied to determine the main whey
cations (K+, Na+, Ca2+, Mg2+) and a lab-scale electrodialysis
unit was used to remove these ions from ten model solutions
of fresh or reconstituted whey with increased dry matter and
sodium content. The results demonstrated that mineral salts
could effectively be removed from whey with this procedure
even if it was concentrated and highly salted [217].
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Determination of changes in the metabolic profile of
avocado fruits (Persea americana) during ripening was car-
ried out by using two CE-MS approaches (targeted and non-
targeted). To do this, CE with two different MS detection
conditions (multiple reaction monitoring and full scan) was
applied to determine qualitative and quantitative changes
in the metabolic profile of avocado fruits. The two MS ap-
proaches were used to quantify ten metabolites (phenolic
acids, flavonoids, a carbohydrate, an organic acid, a vitamin,
and a phytohormone) in 18 samples of avocado at differ-
ent ripening states, and the achieved results were compared.
Perseitol, quinic, chlorogenic, trans-cinnamic, pantothenic,
and abscisic acids, as well as epicatechin and cate-
chin decreased during the ripening process, whereas fer-
ulic and p-coumaric acids showed the opposite trend.
Moreover, some other unknown compounds whose con-
centration changed largely during ripening were also stud-
ied by MS/MS and quadrupole TOF-MS to get a tentative
identification [218].
Caramel color is one of the most usual additives used
in beverages, desserts, and breads worldwide. However, dur-
ing its fabrication process, 2- and 4-methylimidazole (MeI),
highly carcinogenic compounds, are generated. A CEmethod
was developed for the separation and determination of 2- and
4-MeI in caramel colors, overcoming the limitations of LC-
and GC-MS for the analysis of these compounds. Thus, the
CE method allowed the determination of 2- and 4-MeI im-
proving the analysis speed, decreasing the amount of organic
solvent needed as well as the pretreatment steps [219].
13 Chiral analysis of food compounds
The analysis of chiral compounds is finding interesting appli-
cations in food science. The detection of chiral compounds
in food is needed to assess the factors that influence their
origin, formation, biological function, safety, and function,
since they can originally be found in foods, can be formed
during food processing or can also be originated from mi-
crobiological sources. Since enantiomers have identical elec-
trophoretic mobility, chiral complexing reagents (chiral se-
lectors) are usually added to the separation buffer to form
diastereomeric complexes in dynamic equilibra that allow
their separation. Following this CE direct enantioseparation
approach, cyclodextrins (CDs) are themost widely used chiral
selectors [220]. Some reviews have been published during the
period covered by this review, on chiral separations in food
analysis by CE [220].
The presence of free D-AAs in foodstuff may be an in-
dication of microbial contamination, or adulteration, making
these compounds good indicators of food quality and authen-
ticity. Tezcan at al. developed a chiral MEKC-LIF method,
using sodium dodecylbenzene sulphonate as surfactant and
-CD as chiral selector, for the determination of chiral AAs
(L-Arg, D-Leu, L-Trp, L-Leu, L-Pro, D-Pro, L-Asn, L-Ser,
L-Ala, L-Glu, and L-Asp) in fresh and commercial
pomegranate juices [221]. L-Asn was also proposed as a
marker for the adulteration of pomegranate juices with
apple juices. However, a marker for the adulteration of
pomegranate juice with grape juice, one of the most com-
mon adulterants of pomegranate juice, was not found. Anal-
ysis of -hydroxy acids and their enantiomers by chiral lig-
and exchange CE (CLE-CE) was used to distinguish authentic
and adulterated fruit juices (apple, grape, orange, pineap-
ple, grapefruit). Enantiomers of D/L-malic, D/L-tartaric, and
D/L-isocitric acids, and citric acid were detected by CLE-CE-
UV using D-quinic acid as the selector ligand. Sun et al.
developed also a CLE-CE method with Zn (II)-L-alanine as
the chiral selector in the presence of -CD for enantiosepara-
tion of dansylated-AAs [222]. CLE-CE-UV method was used
to explore the inhibitory effect of kojic acid and soy sauce
on the enzyme tyrosinase. Tyrosinase is a copper-containing
enzyme that can cause enzymatic browning in raw fruits,
vegetables, and beverages. Since L-Tyr is the specific sub-
strate for tyrosinase, authors proposed the measurement of
the activity of tyrosinase through the determination of L-Tyr
concentration variation after being incubated with the en-
zyme. Thus, the inhibitory activity of kojic acid and soy sauce
against tyrosinase was investigated through monitoring the
concentration variation of Dns-L-Tyr and Dns-D-Tyr by CLE-
CE-UV. Analysis of Dns-D/L-Tyr was achieved in 32min. and
the LOD was 15.52 M. Another chiral CE method was re-
ported for the chiral separation of neotame [223]. Neotame is
an artificial sweetener with two chiral centers in its structure,
hence, it can form four diastereomers being its sweetness
attributed to the presence of L,L-diastereomer. Chiral sepa-
ration of neotame diastereomers (L,L and D,D) was accom-
plished by adding heptakis 2,3,6 tri-o-ethylbetacyclodextrin to
the BGE. The developed method was applied to the analysis
of different neotame-spiked fruit juices and drinks.
14 Microchip CE (MCE) technology in food
analysis
MCE has continued demonstrating its potential for in situ
analysis and fast multiparameter analysis. In the last years,
novel developments and application of MCE have kept grow-
ing and several reviews have been published focusing on the
application of this technology to the field of nutrition [224],
food analysis [225], as well as to other specific food issues
such as the analysis of transgenic food [11]. In addition, the
use of multidimensional carbon allotropes as electrochemi-
cal detectors in MCE has been recently reviewed by Martı´n
et al. [226]. As it has been discussed in the section devoted to
DNA analysis, a growing number of applications of commer-
cial instruments based onmicrofluidic CEhave been reported
in last years. In the present section, however, the attention
will be focused on the technical advances in MCE, including
new materials, designs, and detection systems.
Achieving good sensitivity has been a major challenge
in MCE due to the small sample volumes used in microchip
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devices. Since the beginning of this technology, LIF detec-
tion has been widely exploited owing to its easy focusing
and inherent sensitivity. Recently, interesting developments
have been published on the use of LIF detection in MCE.
For instance, Barrios-Romero et al. [227] developed a SDS-gel
electrophoresis method on SU8 microchips for the separa-
tion of three whey proteins (-lactalbumin, -lactoglobulin,
and BSA). Authors used a commercial coating to control
the EOF and a low-viscosity solution of dextran as a sieving
polymer. In that work, proteins were first derivatized with
the fluorogenic reagent Chromeo P540, and then separated
and detected by flurescence using a laser with emission at
532 nm. In a separate report, Wei et al. [228] used disposable
cyclic olefin copolymer microchips and a low-cost LIF detec-
tor system for the detection of glyphosate and glufosinate
herbicides. The method involved analyte derivatization and
the use of a sieving buffer containing 10 mM borax and 2.0%
m/v hydroxypropyl cellulose at pH 9.0. The method, tested
in spiked water, soybean, and broccoli samples, showed good
sensitivity and recovery values without any preconcentration
involved, indicating its good applicability to real samples.
Electrochemical detection has also gained relevance in
the last years, and different MCE systems have been imple-
mented using amperometry and conductometry approaches.
Among the main advantages of electrochemical systems are
the easy to miniaturize without loss of performance, high
compatibility withmicrofabrication techniques and good sen-
sitivity. These advantages have been achieved with the mi-
crofabrication of a portable lab-on-a-chip device with C4D
detection for on-site analysis of ten commonly found or-
ganic and inorganic acids in apple juice [229]. The microchip
device allowed the quantification of anions that matched
closely to what was stated on the beverage packaging. The
RSD values for migration time and peak area were lower
than 3 and 5%, respectively, showing an acceptable repro-
ducibility. Contactless conductivity detection has been also
integrated in a MCE device that allows sample extraction,
injection, separation and detection to be automatically per-
formed in sequence [230]. The system consisted of a glass
microfluidic chip with a PDMS substrate embedded with
an SPE monolithic column with MIP for analyte extraction.
This novel microchip was successfully applied to analyze au-
ramine O in shrimp. An excellent demonstration of the suit-
ability of MCE technology for real-life applications has been
provided by Castan˜eda et al. [231]. In their report, authors
present a novel SU-8/pyrex-based microchip with integrated
ED for evaluating the antioxidant capacity of polyphenol-
enriched herbal extracts. Using a running buffer contain-
ing 25 mM 2-(N-morpholino)ethanesulfonic acid at pH 5.0,
total flavonoids, and total phenolic acids migrated into two
separated peaks, respectively, allowing a class-selective elec-
trochemical index determination of total indexes for each
structure classes (flavonoids and acids). A simplified calibra-
tion protocol using hesperidin and chlorogenic acid was used
to calculate total flavonoid and total acid contents in real sam-
ples. The proposed MCE approach provided results that were
in agreement with those obtained by HPLC, but compara-
tively with shorter analysis time and avoiding the use of toxic
solvents. Another interesting application by Garcı´a and Es-
carpa [232] was the AD monossacharides in honey samples
using MCE and copper nanowires. This approach presented
reduced analysis times (4 min) and LODs that were between
5 and 22 times lower than other approaches opening new
perspectives for emerging applications of this technology in
food analysis. In addition to the good potential offered by flu-
orescence and electrochemical detection for MCE coupling,
other alternatives have been explored in the food analysis
field. For instance, ICP-MS has been coupled to a MCE de-
vice for the determination of bromate and bromide in bread
samples [233]. This bromide speciationmethod operatedwith
separations conditions for FASI technique providing analysis
in 35 s with enrichment factors higher than 12.
15 Foodomics and other future trends
of CE in food analysis
Foodomics involves the development, use and integration
of omics approaches (mainly, transcriptomics, proteomics,
and metabolomics) to investigate food science and nutrition
aiming to improve consumer’s well-being, health, and knowl-
edge (see Fig. 5). Foodomics applies these advanced tools to
boost food science investigations, including those related to
speed up the resolution of food safety issues, to improve food
quality and food traceability and, to understand the bioac-
tivity of food and food ingredients in our body at molecu-
lar level. In this context, the important role that CE- and
CE-MS-based methods can play in Foodomics has already
been identified [234–238]. Besides the review papers on
Foodomics that have come out in the period covered by this
work and described in Table 1, several book chapters have
been also devoted to discuss this topic [239–242]. The use of
CE-MS for metabolomics has corroborated the great possi-
bilities of this technique in Foodomics [243]. Thus, the opti-
mization of an effectiveCE-MSprotocol for cellmetabolomics
was demonstrated by our group [244]. The feasibility of the
wholemethod for cell metabolomics was proved via a fast and
sensitive profiling of the intracellular metabolites of HT-29
colon cancer cells. The suitability of thismethodologywas fur-
ther corroborated through the examination of the metabolic
changes in the polyamines pathway produced in HT-29 colon
cancer cells by difluoromethylornithine (DFMO), a known
potent ornithine decarboxylase inhibitor. The selection of
the optimum extraction conditions allowed a higher sam-
ple volume injection that led to an increase in CE-MS sensi-
tivity. Following a nontargeted metabolomics approach, ten
metabolites (namely, putrescine, ornithine, GABA, oxidized,
and reduced glutathione, 5’-deoxy-5’-(methylthio)adenosine,
N-acetylputrescine, cysteinyl-glycine, spermidine, and an un-
known compound) were found to be significantly altered by
DFMO (p  0.05) in HT-29 cells. In addition to the effect
of DFMO on polyamine metabolism, minor modifications of
other metabolic pathways (e.g. related to intracellular thiol
redox state) were observed [244].
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Figure 5. Scheme of Foodomics including the main tools employed and fields of application.
Following the pioneering works on the use of CE-MS
for metabolomics of wild and transgenic maize and soybean
[245–247], more recently, seed metabolomic and ionomic di-
versity was investigated in a soybean lineage representing 35
years of breeding (launch years 1972–2008). Six conventional
and three GM glyphosate-tolerant lines were selected and
investigated using several hyphenated techniques including
CE-MS [248]. According to these authors, metabolomics suc-
cessfully differentiated between the newer and older soybean.
Correlation analysis also revealed associations between yield
data and specific metabolites. However, their results did not
show clear metabolic differences between the conventional
and GM lines [248], contrarily with what has already been
observed by other authors for transgenice maize and soy-
bean [246–248].
Several of the Foodomics works recently published have
involved the use of NMR [249–251] or other liquid techniques
(e.g. UHPLC, nano-LC) hyphenated to HRMS [252–254]. In-
terestingly, several of the analytical steps necessary to carry
out a metabolomic analysis are common among these hy-
phenated techniques, including the data treatment. In this
regard, the development of new data analysis strategies is
also mandatory. Thus, classical two dimensional represen-
tations of CE-MS, LC-MS, or GC-MS data (e.g. base peak
electropherogram/chromatogram or total ion electrophero-
gram/chromatogram), usually hide a large number of fea-
tures that if correctly assessed will show the presence of
comigrating species and/or the low abundant ones. The de-
velopment of new peak picking algorithms able to detect and
measure as many peaks as possible from a dataset allows ex-
tracting much more information. A good example of these
new approaches is a new algorithm called centergram, which
squeezes data from CE-MS (LC-MS or GC-MS) and allows
detecting a number of peaks threefold higher compared to
the standard procedures [255].
In a recent Foodomics work from our group, the varia-
tions of genes and metabolites were simultaneously investi-
gated and integrated in order to understand (and to explain
at molecular level) the effect of CA and carnosol, two major
compounds present in rosemary, against colon cancer HT-
29 cells proliferation. The Foodomics study revealed that CA
induced transcriptional activation of genes that encode detox-
ifying enzymes and altered the expression of genes linked to
transport and biosynthesis of terpenoids in the colon cancer
cell line. Functional analysis highlighted the activation of the
reactive oxygen species metabolism and alteration of several
genes involved in pathways describing oxidative degradation
of relevant endogenousmetabolites, providing new evidences
about the transcriptional change induced by CA in HT-29
cells. Metabolomics analysis carried out using LC-MS and
CE-MS, showed that the treatment with CA affected the in-
tracellular levels of glutathione. Elevated levels of glutathione
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provided additional evidences to transcriptomic results re-
garding chemopreventive response of cells to CA treatment.
Moreover, the Foodomics approach was useful to establish
the links between decreased levels of N-acetylputrescine and
its degradation pathway at the gene level. The findings from
this work and the predictions based on microarray data will
help exploring novel metabolic processes and potential sig-
naling pathways to further elucidate de effect of CA in colon
cancer cells [256].
The works presented in this review demonstrate the rel-
evant role of CE in food analysis and Foodomics over the
last two years. It is expected that the number of new CE
developments applicable to food analysis will keep growing
to overcome the still existing limitations of this technique,
mainly, its limited sensitivity and low reproducibility. On the
other hand, the limitations generated by the current bioin-
formatic tools, the lack of information in the databases (e.g.
on the identity of many metabolites), our poor knowledge on
many molecular processes taking place in cells, or the diffi-
culty to combine the huge data generated by transcriptomics,
proteomics, and metabolomics approaches (e.g. via systems
biology) are still critical issues for Foodomics as well as for
any holistic approach that encompass the integration of big
data from several levels of expression. In spite of these limi-
tations, the global outlook that Foodomics proposes is a good
response to solve many of the complex issues and challenges
in current and future food science.
As a proof of its usefulness, since the first definition
of Foodomics in 2009 in a SCI journal, the use of omic
approaches in food science and nutrition has quantitatively
evolved and grown as can be easily checked in any database
or search-engine. The Foodomics concept has also become
more and more popular, because it is the ideal frame and
distinctive stamp of any work in which an omic approach is
used to investigate safety, quality, traceability, or bioactivity
of food.
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La presente Tesis Doctoral profundiza en los desarrollos metodológicos y aplicaciones en el campo de la 
metabolómica para el estudio de compuestos bioactivos de la dieta y sus efectos sobre la salud.  
 
Los principales objetivos de este trabajo son:  
- Desarrollar nuevas metodologías mediante CE-MS para aplicaciones Alimentómicas. 
- Emplear la metabolómica como herramienta para obtener información del efecto de compuestos 
bioactivos de romero en células hepáticas HepaRG a nivel molecular. 
 
Los objetivos parciales, el plan de trabajo para lograr dichos objetivos y los resultados obtenidos están 
descritos detalladamente en los Capítulos 3 y 4 de esta Tesis Doctoral. En concreto, el Capítulo 3 contiene 
cuatro trabajos, en los cuales se demuestra el potencial del acoplamiento CE-MS en el análisis de 
alimentos y Alimentómica, y en los que se han desarrollado nuevas estrategias analíticas basadas en CE-
MS para aplicaciones en este campo. El Capítulo 4 comprende un trabajo acerca del uso de estrategias 
metabolómicas empleando múltiples plataformas analíticas para obtener información a nivel molecular 
detallada sobre el efecto de ácido carnósico, carnosol y rosmanol, compuestos bioactivos del romero 















































Nuevos desarrollos metodológicos mediante 
CE-MS para el análisis de proteínas,  









3.1.1. El papel de la CE-MS en aplicaciones alimentómicas 
La electroforesis capilar (CE) engloba un conjunto de técnicas de separación basadas en la diferente 
movilidad electroforética de las especies a analizar en disolución bajo la acción de un campo eléctrico en 
el interior de un tubo capilar (Ewing y col., 1989). Por lo general, en CE los tiempos de análisis son 
cortos ya que el empleo de capilares, en los que la elevada relación superficie externa/volumen interno 
permite una gran disipación del calor generado por efecto Joule, hace posible la aplicación de elevados 
voltajes de separación. Además, la CE requiere volúmenes muy pequeños de muestra (del orden de 
nanolitros) así como de electrolitos de separación (del orden de mililitros). 
El acoplamiento de la CE como técnica analítica de separación y de la MS como sistema de detección ha 
despertado un gran interés en la comunidad científica debido a que el acoplamiento CE-MS combina la 
rapidez del análisis, el alto poder de resolución, y el consumo muy pequeño de muestra y disolventes 
proporcionados por CE, con la selectividad del análisis y la información estructural que proporciona MS. 
Para llevar a cabo el acoplamiento de la CE que trabaja en fase líquida con la MS que trabaja en fase 
gaseosa, es necesaria una interfase adecuada así como el empleo de tampones de separación volátiles para 
evitar interferencias en la detección mediante MS (Huhn y col., 2010; Hommerson y col., 2011; Albalat y 
col., 2014). A pesar de la variedad de interfases desarrolladas para el acoplamiento CE-MS, la más 
utilizada actualmente es la interfase de tipo ionización por electrospray (ESI) (Hommerson y col., 2011). 
El cierre del circuito eléctrico a la salida del capilar en CE-ESI-MS se suele llevar a cabo mediante un 
componente conductor, como por ejemplo un recubrimiento externo metálico o mediante la adición de un 
líquido adicional conductor (Huhn y col., 2010), siendo esta última la opción más utilizada en la 
actualidad. Las funciones principales de este líquido adicional son principalmente la del cierre del circuito 
eléctrico en el capilar de separación y la estabilización del electrospray aplicando un flujo de líquido 
adecuado (del orden de µL/min). La interfase ESI con flujo adicional es el acoplamiento que se ha 
empleado en esta tesis doctoral y se encuentra representada en la Figura 3.1. 
Esta interfase está formada por tres tubos concéntricos, el primero de ellos es el propio capilar de 
separación que se encuentra rodeado por un tubo de acero inoxidable por el que se hace fluir el líquido 
adicional conductor, y por un tercer tubo en el que se introduce un gas nebulizador que favorece la 
formación del electrospray. Se trata de una interfase que aún presenta algunas limitaciones, como por 
ejemplo la disminución de la sensibilidad resultante de la dilución de los analitos que eluyen del capilar 










Figura 3.1. (A) Interfase ESI comercial con líquido adicional (Agilent Technologies). (B) Zona ampliada del 
extremo final de la interfase, donde se produce el cierre del circuito eléctrico. 
 
En el área de la Ciencia y Tecnología de los Alimentos y Nutrición, la técnica CE-MS tiene una gran 
importancia como se recoge en los dos capítulos de libro que se incluyen en esta sección titulados 
―Capillary Electrophoresis in Food and Foodomics‖ de Ibañez y col. (Trabajo 3.3.1) y ―CE-MS in Food 
Analysis y Foodomics‖ de Acunha y col. (Trabajo 3.3.2). En el primero de los trabajos se presenta un 
resumen de diferentes desarrollos metodológicos basados en CE para aplicaciones importantes en el área 
de ciencias de los alimentos y alimentómica, así como una detallada descripción experimental y 
metodológica del uso de CE-MS para el análisis metabolómico. En el segundo trabajo se expone una 
visión global de las contribuciones más representativas del empleo del acoplamiento CE-MS en muestras 
de interés alimentario en diversos campos relacionados con la seguridad de los alimentos, la detección de 
adulteraciones, residuos de medicamentos, residuos de herbicidas y contaminantes naturales. También se 
repasa el uso de la CE-MS para el análisis de aditivos, metales y alérgenos en alimentos. Además, entre 
las aplicaciones ómicas más relevantes que se describen destacan las aplicaciones en proteómica, 
peptidómica y metabolómica, dirigidas a la caracterización exhaustiva de los alimentos y del efecto de los 
alimentos en la salud. En el campo de las aplicaciones ómicas el acoplamiento CE-MS, por sus 
características, se utiliza fundamentalmente en estudios proteómicos, peptidómicos y metabolómicos 
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3.1.2. Proteómica y peptidómica mediante CE-MS 
La proteómica es el estudio del conjunto completo de las proteínas expresadas en un determinado sistema 
biológico en un momento dado (Wasinger y col., 1995), mientras que la peptidómica se refiere al análisis 
completo de los péptidos endógenos generados por un determinado organismo (Schrader y Schulz-
Knappe, 2001). Los péptidos y las proteínas representan una clase importante de biomoléculas y 
desempeñan un papel esencial en la regulación y control de muchos de los procesos biológicos en el 
organismo. En el campo de la Ciencia de los Alimentos, los péptidos y las proteínas desempeñan una 
función trascendente en las propiedades organolépticas, nutricionales y funcionales de los productos 
alimentarios (Català-Clariana y col., 2013), así como en la seguridad y calidad alimentaria (Kondekonvá 
y col., 2014; Mansor y col., 2013). 
El análisis de mezclas complejas de proteínas y péptidos mediante CE-MS se considera de gran 
importancia debido a la complementariedad que aporta frente a otras técnicas como LC-MS (Simó y col., 
2010; Stalmach y col., 2013; Albalat y col., 2014). Recientes estudios han demostrado que la técnica CE-
MS tiene la suficiente robustez para llevar a cabo el mapeo de péptidos en múltiples laboratorios (Wenz y 
col., 2015). Sin embargo, un problema típico que presenta esta técnica es la adsorción de las proteínas y 
péptidos (con carga positiva) a la pared interna del capilar (con los silanoles cargados negativamente). 
Esta adsorción, que afecta negativamente a la separación de estos biopolímeros al originar 
ensanchamiento de las bandas electroforéticas, es especialmente significativa en proteínas y péptidos de 
carácter básico. Esto se produce principalmente a través de la interacción electrostática, pero el efecto 
negativo puede aumentar rápidamente mediante el despliegue de las proteínas adsorbidas que a su vez 
pueden participar, a través de un efecto cooperativo, en la adsorción con otras proteínas, envolviendo 
varios tipos de interacciones moleculares (hidrófobas, dipolares, enlaces de hidrógeno, etc.) (Lucy y col., 
2008; Doherty y col., 2003). La adsorción de péptidos y proteínas provoca además alteraciones en el flujo 
electroosmótico (EOF), originando pérdida de eficacia y de resolución en la separación, así como una 
baja reproducibilidad de los tiempos de migración. 
Con la finalidad de minimizar estos efectos de adsorción se pueden adoptar diferentes estrategias. Una de 
ellas es aumentar la fuerza iónica del electrolito de separación (BGE), que tiene como objetivo la 
disminución de la interacción electrostática de las proteínas con la pared interna del capilar, ya que los 
cationes del BGE actúan como competidores de las proteínas por interaccionar con los silanoles de la 
pared interna del capilar cargados negativamente. Sin embargo, en CE-MS, altas concentraciones de sales 
en el electrolito de separación causan la pérdida de sensibilidad en el análisis por MS. Además, una alta 
concentración de sales en el BGE provoca el calentamiento del capilar debido al aumento de la corriente 
eléctrica (efecto Joule). El empleo de pares de iones (ion pairing) o tensoactivos puede ser una estrategia 
alternativa, sin embargo, el uso de estos aditivos no volátiles puede llevar a la supresión de la ionización 
de las moléculas por lo que su uso no es frecuente (Huhn y col., 2010; Albalat y col., 2014). Otra 
alternativa es el empleo de electrólitos de separación altamente ácidos o altamente alcalinos (Huhn y col., 
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2010; Haselberg y col., 2013). Con un electrolito de separación con un pH muy bajo los grupos silanoles 
de la superficie del capilar estarán protonados y la posibilidad de interaccionar electrostáticamente con las 
proteínas se reduce. Lo mismo sucede con el uso de BGEs con un alto pH, en los que las proteínas y los 
grupos silanoles presentan carga global negativa lo que conduce a una disminución de la interacción 
electrostática. No obstante, el uso de electrolitos de separación con pHs extremos puede generar 
problemas de estabilidad y solubilidad de proteínas y péptidos, produciendo en algunos casos 
desnaturalización y/o precipitación de los mismos. 
Una estrategia que ha demostrado ser una opción efectiva para evitar la adsorción de las proteínas a la 
pared interna del capilar y mejorar la eficacia de la separación por CE es el recubrimiento interno del 
capilar de sílice fundida (Lucy y col., 2008; Halseberg y col., 2013; Huhn y col., 2010; Dolník y col., 
2008). Los métodos empleados para el recubrimiento del capilar en CE se basan en estrategias de 
recubrimiento dinámico o estático. En el recubrimiento dinámico, los agentes empleados se añaden al 
electrólito de separación, mientras que los agentes de recubrimiento estáticos se unen a la superficie del 
capilar mediante adsorción física (recubrimiento semi-permanente) o por unión covalente (recubrimiento 
permanente) (Huhn y col., 2010). Sin embargo, los aditivos que se suelen añadir al electrólito de 
separación para un recubrimiento dinámico pueden causar la supresión de iones en la fuente de ionización 
ESI y pueden conducir a la contaminación del espectrómetro de masas y/o aumento del ruido de fondo 
(Huhn y col., 2010). Por lo tanto, para un acoplamiento eficaz CE-ESI-MS es recomendable el uso de 
recubrimientos estáticos estables. Una estrategia atractiva y simple para la creación de recubrimientos 
estáticos es el empleo de polímeros cargados (positiva o negativamente) adsorbidos físicamente a la pared 
interna del capilar. En esta Tesis Doctoral se presentan los resultados obtenidos en el estudio de una 
nueva familia de polímeros como recubrimientos capilares adsorbidos físicamente para el análisis de 
péptidos y proteínas básicas por CE-UV y CE-MS. Los resultados de este estudio están recogidos en el 
Trabajo 3.3.3, correspondiente a la publicación ―Potential of prodendronic polyamines with modulated 
segmental charge density as novel coating for fast and efficient analysis of peptides and basic proteins by 
CE and CE-MS‖ de Acunha y col., publicado en Electrophoresis, 36 (2015) 1564–1571. 
 
3.1.3. Metabolómica mediante CE-MS 
La técnica CE-MS ha demostrado ser una poderosa herramienta para el análisis de especies cargadas y ha 
demostrado su utilidad en numerosos estudios metabolómicos de una gran variedad de muestras (plantas, 
alimentos, tejidos, células, fluidos biológicos, etc.) (Ramautar y col, 2013; Ramautar y col., 2017). Sin 
embargo, la mayoría de los estudios en metabolómica mediante CE-MS se han centrado en el análisis de 
metabolitos catiónicos como se explica a continuación. Tal y como se muestra en la Figura 3.2A, la 
separación en CE-MS se lleva a cabo típicamente en capilares de sílice fundida sin recubrimiento interno 
y empleando un electrolito de separación volátil a bajo pH, como por ejemplo ácido fórmico o ácido 
acético. En estas condiciones y con el equipo CE trabajando en polaridad normal (ánodo en el extremo de 
  
 
C A P Í T U L O  3 .  I n t r o d u c c i ó n  
 
127 
inyección del capilar y cátodo en el extremo de salida del capilar) se genera un pequeño flujo 
electroosmótico en dirección hacia el cátodo. Este pequeño flujo electroosmótico permite mantener 
estable el circuito eléctrico necesario para llevar a cabo la separación electroforética. En estas 
condiciones, el análisis de metabolitos catiónicos por CE-MS es rápido y presenta una buena estabilidad.  
 
 
Figura 3.2. Representación esquemática del interior de un capilar de sílice fundida (A) sin recubrimiento interno y polaridad 
normal, (B) sin recubrimiento interno y polaridad inversa y (C) con recubrimiento interno y polaridad inversa. A la derecha se 
representan los electroferogramas representativos de metabolitos catiónicos y aniónicos en cada una de las condiciones. 
 
No obstante, una buena parte de los metabolitos intermediarios de las rutas metabólicas esenciales para el 
mantenimiento de las actividades biológicas son compuestos aniónicos que poseen grupos ácido y que 
son susceptibles de cargarse negativamente. En estas condiciones, el análisis de metabolitos aniónicos es 
todo un desafío para la técnica CE-MS. Tal y como se puede ver en la Figura 3.2A, empleando las 
mismas condiciones de separación aplicadas para el análisis de metabolitos catiónicos, los tiempos de 
análisis son mucho más largos para los compuestos aniónicos, lo que en muchos casos hace inviable el 
empleo de la CE-MS en aplicaciones metabolómicas ya que muchos de estos aniones no llegan al 
espectrómetro de masas al ser su movilidad electroforética opuesta y mayor que la movilidad del flujo 
electroosmótico. 
Una posible estrategia para el análisis de metabolitos aniónicos por CE-MS podría ser la inversión de la 
polaridad (cátodo en el extremo de inyección del capilar y ánodo en el extremo de salida del capilar), sin 
embargo, en estas condiciones, el EOF se dirige hacia al cátodo, lo que resulta en una gran inestabilidad 
de la conexión eléctrica haciendo imposible la separación electroforética (Figura 3.2B). Una alternativa 
para llevar a cabo el análisis rápido y robusto de compuestos aniónicos mediante CE-MS es el empleo de 
recubrimientos de la pared interna del capilar. En este sentido, el uso de recubrimientos con polímeros 
catiónicos resulta ser una estrategia muy interesante para invertir el flujo electroosmótico, acelerar la 
 
 
C A P Í T U L O  3 .  I n t r o d u c c i ó n  
 
128 
separación de aniones y evitar la inestabilidad de la corriente en CE-MS (Figura 3.2C). Puesto que la 
pared interna del capilar una vez recubierto está cargada positivamente, el EOF queda invertido hacia el 
ánodo, permitiendo así el análisis de compuestos aniónicos sin la inestabilidad eléctrica del sistema. 
Siguiendo este enfoque, se decidió investigar el potencial del copolímero poli-Metacrilato de 2-(3-(bis(2-
(dietilamino)etil)amino)propanamido)etilo - Metacrilamida de N-(2-hidroxipropilo) (TEDETAMA-
HPMA) 50:50 como recubrimiento catiónico del capilar para el análisis del perfil metabólico de aniones 
por CE-MS. Los resultados obtenidos en este estudio se recogen en el Trabajo 3.3.4, correspondiente a la 
publicación ―Anionic metabolite profiling by capillary electrophoresis–mass spectrometry using a 
noncovalent polymeric coating. Orange juice and wine as case studies‖ de Acunha y col., publicado en 








3.2. OBJETIVOS Y PLAN DE TRABAJO 
Los objetivos de este Capítulo son: 
- Evaluación de una nueva familia de polímeros como recubrimientos capilares adsorbidos 
físicamente para el análisis de péptidos y proteínas básicas por CE-UV y CE-MS. 
- Desarrollo de un nuevo método rápido y robusto mediante CE-MS para la obtención del perfil de 
metabolitos aniónicos. 
 
Para conseguir dichos objetivos, se siguió el siguiente plan de trabajo: 
a. Estudio del efecto del recubrimiento del capilar con diferentes polímeros de TEDETAMA en el 
flujo electroosmótico empleando distintos valores de pH del electrolito de separación. 
b. Evaluación de diferentes polímeros de TEDETAMA como recubrimientos para el análisis de 
proteínas básicas y péptidos por CE-UV y CE-MS. 
c. Aplicación del capilar recubierto para el análisis de lisozima en queso por CE-MS, con la 
finalidad de demostrar su utilidad en muestras reales de alimentos. 
d. Estudio del efecto del recubrimiento polimérico sobre la separación de los metabolitos aniónicos 
empleando electrolitos de separación a diferentes pHs y selección de las mejores condiciones. 
e. Evaluación de los parámetros de calidad del método en las condiciones seleccionadas.  
f. Aplicación del método de CE-MS para el análisis del perfil de metabolitos aniónicos en muestras 
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 Chapter 22 
 Capillary Electrophoresis in Food and Foodomics 
 Clara  Ibáñez ,  Tanize  Acunha ,  Alberto  Valdés ,  Virginia  García-Cañas , 
 Alejandro  Cifuentes , and  Carolina  Simó 
 Abstract 
 Quality and safety assessment as well as the evaluation of other nutritional and functional properties of 
foods imply the use of robust, effi cient, sensitive, and cost-effective analytical methodologies. Among ana-
lytical technologies used in the fi elds of food analysis and foodomics, capillary electrophoresis (CE) has 
generated great interest for the analyses of a large number of compounds due to its high separation effi -
ciency, extremely small sample and reagent requirements, and rapid analysis. The introductory section of 
this chapter provides an overview of the recent applications of capillary electrophoresis (CE) in food analy-
sis and foodomics. Relevant reviews and research articles on these topics are tabulated including papers 
published in the period 2011–2014. In addition, to illustrate the great capabilities of CE in foodomics the 
chapter describes the main experimental points to be taken into consideration for a metabolomic study of 
the antiproliferative effect of carnosic acid (a natural diterpene found in rosemary) against HT-29 human 
colon cancer cells. 
 Key words  Capillary electrophoresis ,  CE-MS ,  Food bioactivity ,  Food safety ,  Food traceability , 
 Foodomics ,  Food quality ,  Metabolomics 
1  Introduction 
 Food safety assessment and  food quality control are major con-
cerns of modern society. There is also a growing interest to 
improve health and general well-being of consumers through diet 
beyond the provision of the basic nutritional requirements. In this 
sense, regulatory authorities are requiring fully substantiated 
health claims linked to the so-called functional foods. Analysis of 
exogenous compounds (agrochemicals, environmental contami-
nants, veterinary drugs, etc.) is also a major concern in  food safety . 
Apart from the negative impact on human health, food contami-
nation has also major economic costs. Quality and safety assess-
ment as well as the evaluation of other nutritional and functional 
properties of foods imply the use of robust, effi cient, sensitive, and 
cost- effective analytical methodologies. 
472
 Foods are very complex matrices; moreover, many food 
components undergo numerous reactions in the course of food 
processing and storage. Hence, the use of advanced analytical 
instrumentation for food analysis is needed. Comparison of dif-
ferent analytical platforms employed in food analysis has been 
described before [ 1 – 6 ]. Among them,  capillary electrophoresis 
(CE) is a versatile technique that has generated great interest 
due to its high separation effi ciency, extremely small sample and 
reagent requirements, and rapid analysis. CE has demonstrated 
to be a very useful and complementary analytical tool, especially 
when (highly) polar and charged metabolites are analyzed and 
sample volume is limited.  Targeted analysis is currently carried 
out for quality and safety assessments, involving a combination 
of procedures of sample preparation and the subsequent CE 
analysis of a given number of compounds (DNA,  proteins , small 
molecules) from a complex mixture [ 7 – 9 ]. As an alternative 
strategy to target analysis, the development and use of profi ling 
technologies present the potential to improve the number of 
analytes that can be assessed simultaneously in a single analysis. 
In this context,  foodomics , defi ned as a new discipline that stud-
ies the food and nutrition domains through the application and 
integration of advanced omics technologies in order to improve 
consumers’ well-being and confi dence [ 3 ,  7 ,  10 ], can be regarded 
as a useful analytical approach in food science and nutrition 
research. As it has been shown in various published reports, the 
use of CE in  foodomics offers enormous opportunities to obtain 
valuable detailed information that can be directly correlated to 
 food quality , safety, and other features related to food process-
ing, storage, authenticity assessment, etc. The main applications 
of CE in food analysis and  foodomics in the period 2011–2014 
are presented in this work. Recent results on  food quality and 
safety, nutritional value, storage, bioactivity, as well as applica-
tions of CE for monitoring food interactions and food process-
ing have been reviewed. These applications regarding the analysis 
of foods and food components using capillary electromigration 
methods are tabulated ( see Table  1 ).
 Since the introduction of  foodomics ,  capillary electrophoresis - 
 mass spectrometry ( CE-MS ) has found great application in the 
study of the health effects of food ingredients, e.g., on the prolif-
eration of various cancer cells, where CE-MS has demonstrated to 
be as valuable as other high-performance analytical techniques 
[ 148 – 153 ]. Next, the experimental and methodological descrip-
tion on the use of CE-MS for  metabolomics is provided in detail. 
In this study CE-MS is used to investigate the changes induced in 
the metabolite fi ngerprinting of human colon cancer cells (i.e., 
HT-29 cells) after the treatment with a bioactive compound with 
antiproliferative activity and potential use as functional food ingre-
dient. Time-of-fl ight (TOF) mass analyzer is used for the CE-MS 
Clara Ibáñez et al.
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coupling due to its high scan speed and high mass  resolution and 
accuracy, what perfectly fi ts with the narrow and fast peaks pro-
vided by CE and the needs of a  metabolomic study. 
2  Materials 
  1.  Human colon adenocarcinoma HT-29 cell line (American 
Type Culture Collection, LGC Promochem, UK). 
  2.  Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, 
USA). 
  3.  McCoy’s 5A cell culture media (Lonza, Barcelona, Spain). 
  4.  Penicillin-streptomycin mixture (5000 IU/mL penicillin G, 
5 mg/mL streptomycin) (Lonza). 
  5.  Heat-inactivated fetal calf serum (Biowest, Nuaillé, France). 
  6.  Carnosic  acid as pure standard (Sigma-Aldrich). 
  7.  Phosphate-buffered saline (PBS) solution: 138 mM Sodium 
chloride, 2.7 mM potassium chloride, and 10 mM sodium 
hydrogen phosphate, at pH 7.4 (Lonza). 
  8.  Trypsin-Versene (Lonza). 
  9.  Trypan blue (0.4 %, w/v) 0.81 % sodium chloride, 0.06 % 
potassium phosphate (Sigma-Aldrich). 
  10.  Liquid  nitrogen (Carburos Metalicos-Air Products Group, 
Barcelona, Spain). 
  11.  Metabolite internal standards (IDs): Tyramine, DL- methionine 
sulfone (Sigma-Aldrich). 
  12.  Water from Milli-Q system (Millipore, Bedford, MA, USA). 
  1.  MS-grade water (Scharlau, Barcelona, Spain). 
  2.  MS-grade formic  acid (Sigma-Aldrich). 
  3.  MS-grade 2-propanol (Labscan, Gliwice, Poland). 
  4.  Sodium hydroxide (NaOH) (Panreac, Barcelona, Spain). 
  5.  Metabolite commercial standards (Sigma-Aldrich) for quality con-
trol (QC) mixture: Spermine, spermidine, putrescine, cadaverine, 
 N -acetylspermine, ornithine, lysine, arginine, S-adenosyl-
methionine, adenine, tyramine,  N -acetyl- putrescine, S-adenosyl-
homocysteine, homocysteine, cysteine,  N - acetyl- ornithine, 
cytidine, methionine, adenosine, methyl-thio- adenosine, 
DL-methionine sulfone, glutathione, oxidized glutathione. 
  1.  Culture media solution: Add 50 mL heat-inactivated fetal calf 
serum and 5 mL penicillin-streptomycin mixture to 450 mL 
McCoy’s 5A media in a cell culture fl ask. 
2.1  Reagents
2.1.1  Reagents 
for Sample Preparation
2.1.2  Reagents 
for CE-ESI-TOF MS 
Analysis
2.1.3  Preparation 
of Solutions
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  2.  Carnosic  acid (CA) (100 mM): Dissolve CA in DMSO to 
obtain a fi nal concentration of 33.22 (mg/mL) ( see  Note  1 ). 
  3.  Metabolite extraction solvent with IDs at 125 μM concentra-
tion: Prepare 0.91 mg/mL tyramine and 0.62 mg/mL DL- 
methionine sulfone solution in Milli-Q water. 
  4.  QC mixture: Mix 56 μL MS-grade water and 2 μL 5 mM solu-
tions of putrescine, cadaverine,  N -acetylspermine, ornithine, 
lysine, arginine, S-adenosyl-methionine, adenine, tyramine, 
 N -acetyl-putrescine, S-adenosyl-homocysteine, cysteine,  N - 
acetyl- ornithine, cytidine, methionine, adenosine, methyl-
thio- adenosine, and DL-methionine sulfone. Finally add 4 μL 
2.5 mM solutions of glutathione, oxidized glutathione, sperm-
ine, spermidine, and homocysteine. 
  5.  Sodium hydroxide (1 M): Dissolve 4 g of sodium hydroxide in 
95 mL of Milli-Q water. Then reach a fi nal volume of 100 mL 
using a volumetric fl ask. 
  6.  Sodium hydroxide (0.1 M): Dilute 1 mL 1 M NaOH in 9 mL 
Milli-Q water 
  7.  Sodium formate (10 mM) for MS calibration: Mix 200 μL 1 M 
NaOH and 39.8 μL formic  acid and make up volume to 10 mL 
with 2-propanol:water (50:50, v/v). 
  8.  Formic  acid (3 M): Mix 200 mL MS-grade water with 
11.31 mL formic  acid in a volumetric fl ask and reach a fi nal 
volume of 250 mL with water. 
  9.  Sheath liquid (2-propanol-water (50:50, v/v): Mix 5 mL of 
MS-grade 2-propanol with 5 mL MS-grade water. 
  1.  Light microscope (ID3, Carl Zeiss, Jena, Germany). 
  2.  Tissue culture fl asks 100 mL volume (Sarstedt, Barcelona, 
Spain). 
  3.  P150 tissue culture plates (Sarstedt). 
  4.  Neubauer counting chamber (Brand, Wertheim, Germany). 
  5.  Vortex (JP Selecta, Barcelona, Spain) to prepare commercial 
standard solutions. 
  6.  Rotina 380R centrifuge (Hettich, MA, USA). 
  7.  Ultrasonic bath (JP Selecta, Barcelona, Spain). 
  8.  Ball mill MM 400 (Retsch, Haan, Germany). 
  9.  Glass beads (212–300 μm) (Sigma-Aldrich). 
  10.  2 mL Microcentrifuge screw tubes. 
  11.  PTFE adapter rack for ten reaction vials 1.5 and 2.0 mL (Ref: 
22.008.0008) (Retsch). 
  12.  Amicon Ultra 3 kDa 0.5 mL centrifugal devices from Millipore 
(Billerica). 
2.2  Consumables 
and Equipment
2.2.1  Consumables 
and Equipment for Sample 
Preparation
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  1.  Uncoated fused silica capillary (80 cm length, 50 μm i.d.) 
(Composite Metal Services, Worcester, England). 
  2.  High-performance  capillary electrophoresis (CE) system  model 
P/ACE 5500 (Beckman, Fullerton, CA, USA) controlled by a 
PC equipped with System Gold software (Beckman). 
  3.  TOF MS instrument (micrOTOF  model ) (Bruker Daltonics, 
Bremen, Germany). 
  4.  Cole Palmer syringe pump ( model 74900-00-05) (Vernon 
Hills, IL, USA). 
  5.  Glass syringe (2.5 mL volume) (SGE, Milton Keynes, UK). 
  6.  Orthogonal  electrospray ionization (ESI)  interface ( model 
G1607A) (Agilent Technologies, Palo Alto, CA, USA). 
  1.  DataAnalysis 4.0 software (Bruker Daltoniks). 
  2.  Data fi le format converter: Trapper (free available at  http://tools.
proteomecenter.org/wiki/index.php?title=Software:trapper ). 
  3.  Free access databases used for identifi cation [ 155 – 157 ]. 
  4.  Software for statistical analysis: STATISTICA v.7 (Statsoft, 
Tulsa, OK, USA). 
3  Methods 
  1.  Grow colon adenocarcinoma HT-29 cells in 10 mL culture 
media inside a culture fl ask at 37 °C in humidifi ed atmosphere 
and 5 % CO 2 . 
  2.  When cells reach ~50 % confl uence (cells fi ll ~50 % fl ask), dis-
card culture media and place cells in a 15 mL Falcon tube with 
4 mL trypsin and 4 mL cell culture media solution. 
  3.  Centrifuge at 500 ×  g for 3 min, discard the supernatant, and 
suspend the cell pellet in 4 mL culture media solution. 
  4.  Seed cells at 10,000 cells/cm 2 onto six independent P150 tissue 
culture dishes: Take 0.5 mL cell suspension, add 19.5 mL cell 
culture media, and incubate overnight at 37 °C ( see  Note  2 ). 
  5.  Add 5.96 μL 100 mM CA solution to three of the culture 
dishes to obtain 9.9 μg/mL fi nal concentration of CA in the 
cell plates and incubate all six cell cultures (CA-treated and 
non-treated) for 48 h at 37 °C. 
  1.  Aspire growth medium from culture plates, add 2 mL trypsin 
solution, and rapidly aspire it. 
  2.  Dispense 5 mL trypsin solution covering the monolayer of 
cells and incubate cells at 37 °C for 15 min. 
2.2.2  Consumables 
and Equipment for CE-ESI-
TOF MS Analysis
2.2.3  Software 
and Bioinformatic Tools
3.1  Cell Culture 
Preparation Protocol
3.2  Obtainment 
of Ten Million Cells 
from Cell Culture 
Dishes
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  3.  Transfer cells suspended in trypsin to 15 mL Falcon tubes. Add 
3 mL trypsin more to culture dish to collect maximum number 
of cells and transfer these 3 mL to the same 15 mL Falcon tube 
( see  Note  3 ). 
  4.  Centrifuge at 300 ×  g for 5 min, discard the supernatants, and 
add 1 mL PBS to each pellet ( n = 6) to suspend the cells ( see 
 Note  4 ). 
  5.  Cell counting: Dilute 5 μL of cell suspension (obtained in the 
previous step) in 15 μL PBS and add 20 μL trypan blue com-
mercial solution. Mix well by gentle pipetting within the pellet 
using a micropipette and place the suspension on Neubauer 
counting chamber. Count the cells in the central square and in 
the four squares at the corners using a light microscope. Count 
separately viable (opaque) and nonviable (blue-stained) cells 
( see  Note  5 ). Repeat this procedure to obtain the average 
number of cells from at least three different squares of 
Neubauer chamber ( see  Note  6 ) and calculate the number of 
cells/mL and the volume of cell suspension to have 10 × 10 6 
cells ( see  Note  7 ). 
  6.  Transfer the volume required to have 10 × 10 6 cells from the 
PBS cell suspension previously obtained (Subheading  3.2 ,  step 
4 ) to 2 mL microcentrifuge screw tubes to obtain six indepen-
dent tubes (three non-treated and three CA-treated cells) con-
taining 10 × 10 6 cells each. 
  7.  Centrifuge for 10 min at 500 ×  g to obtain the cell pellets con-
taining 10 × 10 6 cells. 
  1.  Add 0.3 g glass beads and 300 μL metabolite extraction sol-
vent containing the IDs to each screw tube ( n = 6). 
  2.  Perform three cycles of metabolite quenching and cell disrup-
tion applying the three following steps: First submerge a rack 
with the six cell suspension tubes in liquid  nitrogen ( see  Note 
 8 ) for 3 min. Then carefully take the rack with the tubes and 
thaw on ultrasonic bath at 50 Hz for 5 min. The third step 
consists of placing the tubes inside the PTFE adapter racks and 
applying 30 Hz frequency for 3 min using a ball mill. Repeat 
three times these steps. 
  3.  Centrifuge the tubes at 24,000 ×  g for 10 min at 4 °C. 
  4.  Filter 200 μL supernatant (cellular content) from each tube by 
using 3 kDa molecular weight fi lters programming the centri-
fuge at 14,000 ×  g for 40 min at 20 °C. 
  5.  Store fraction less than 3 kDa (metabolic fraction) in screw 
tubes at −80 °C until  CE-MS analysis. 
3.3  Metabolite 
Extraction Procedure
Capillary Electrophoresis in Food and Foodomics
494
  1.  Condition all new capillaries by fl ushing with 0.1 M NaOH for 
20 min, followed by MS-grade water for 20 min and  background 
electrolyte (BGE) (3 M formic  acid ) for 5 min ( see  Note  9 ). 
  2.  Introduce the capillary through the  interface (ESI) and set the 
sheath-fl ow confi guration to establish the electrical contact at 
the ESI tip. Program 0.24 mL/min sheath liquid fl ow rate in 
the syringe pump menu. 
  3.  Create an analysis method with the following CE-TOF MS 
parameters: CE voltage set at +27 kV, CE temperature at 
25 °C, positive ionization mode MS, MS capillary voltage set 
at 4 kV, acquisition  m / z range from 50 to 600  m / z , dry  nitro-
gen gas heated at 200 °C delivered at 4 L/min and maintained 
at 0.4 bar. 
  4.  Perform TOF MS external calibration by introducing 10 mM 
sodium formate before each injection. For internal calibration 
record signal obtained using the same solution at the end of 
each sample fi le for 2 min. Ions used for calibration are 
90.9766, 158.9641, 226.9515, 294.9389, 362.9263, 
430.9138, 498.9012, and 566.8886  m / z (Fig.  1 ).














100 150 200 250 300 350 400 450 500 m/z
 Fig. 1  CE-ESI-TOF MS base peak electropherograms (BPE) of the cytosolic fraction from ( a ) control HT-29 
colon cancer cells and ( b ) treated with carnosic  acid . Calibrant acquisition is framed at the end of the two 
electropherograms using a dashed line rectangle. ( c ) An example of MS spectra from the framed area showing 
the experimental clusters used for calibration 
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  5.  Inject the sample for 80 s at 0.5 psi (34.5 mbar) and apply the 
 CE-MS method described above. Obtain the metabolic pro-
fi les of control and CA-treated cells (Fig.  1 ). 
  6.  Inject each sample to obtain three  CE-MS replicates. Check 
the suitability of the results using DataAnalysis 4.0 software. 
  7.  Each three injections change BGE vial and inject QC mixture 
(Fig.  2 ).
  8.  After each injection and the subsequent external calibration, 
condition the capillary for 5 min with BGE. 
  1.  Use DataAnalysis 4.0 software to check the suitability of your 
data by extracting known ions such as internal standards and 
ions from the QC (Fig.  2 ) to calculate deviation intra and 
inter day. 
  2.  Export “.d”  CE-MS data to the MS exchange format 
“mzXML” using Trapper bioinformatic tool. Select the path-
ways where sample data fi les are stored in the PC, select “peak 
3.5  Data Processing
 Fig. 2  CE-ESI-TOF MS base peak chromatogram (BPE) of quality control mixture and extracted ion chromatograms 
(EIE) of the 23 metabolite standards: 1, spermine; 2, spermidine; 3, putrescine; 4, cadaverine; 5,  N -acetyl-spermine; 
6, ornithine; 7, lysine; 8, arginine; 9, S-adenosyl-methionine; 10, adenine; 11, tyramine; 12,  N -acetyl-putrescine; 
13, S-adenosyl-homocysteine; 14, homocysteine; 15, cysteine; 16,  N -acetyl-ornithine; 17, cytidine; 18, methionine; 
19, adenosine; 20, methyl-thio-adenosine; 21, ethionine sulfone; 22, oxidized glutathione; 23, glutathione 
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picking” option to centroid your data, and click start to begin 
with the conversion. 
  3.  Process exported centroided mzXML data with MZmine pro-
gram ( see  Note  10 ). Set the threshold of electropherograms 
( see  Note  11 ). Use wavelet transform algorithm to detect the 
masses with a wavelet window size set at 50 % and normalize 
migration time between replicates setting minimum standard 
intensity at 5 × 10 4 a.u.. For deconvolution use “baselina cut-
off” algorithm setting the minimum peak height at 3 × 10 2 a.u. 
Then align the replicates and samples applying the “Join 
aligner” algorithm with  m / z tolerance set at 0.01 and weight 
for  m / z set at 90. Finally perform adduct and complex search 
within your detected peaks and export the resulting data table 
to csv format. 
  4.  Import the csv table in Excel and remove the metabolic signals 
showing high variability within the same group of samples 
(i.e., control and treated cells) from  CE-MS data set. Transpose 
the data table to get samples arranged in rows and high-confi -
dent metabolic signals in columns. 
  5.  Open the transposed data table using STATISTICA program. 
  6.  Inspect your data variability by means of principal component 
analysis (PCA). If necessary remove high-variable metabolic 
signals and/or outlier samples. 
  7.  Detect signifi cantly different molecular features due to CA 
treatment applying an analysis of variance method (i.e., 
ANOVA,  t -test, Kruskal-Wallis) and setting p-value at 0.05. 
  1.  Match the experimental  m / z value of the metabolites show-
ing signifi cant differences ( p < 0.05) with  m / z values con-
tained in different databases: Human Metabolome Database, 
METLIN, and KEGG, with a mass accuracy window of 
10 ppm (Table  2 ).
  2.  Use Generate-Molecular Formula editor (DataAnalysis 4.0) to 
compare the isotopic pattern of the theoretical formulas 
obtained from the databases with the experimental isotopic 
pattern of each of the metabolites differentially expressed. 
  3.  Inject metabolite standards to corroborate tentative identifi ca-
tions, in the same analytical conditions and spiked (if possible) 
in cell culture samples ( see  Note  12 ). 
  4.  Associate metabolite expression (up or down expression) to 
CA treatment and study the most affected cellular pathways 
(Fig.  3 ).
3.6  Identifi cation 
of Potential 
Biomarkers
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4  Notes 
  1.  CA molecule is easily degradable and photosensitive. For this 
reason avoid light and high temperature when preparing CA 
solution. Divide the resulting solution in several aliquots and 
store them at −80 °C. 
  2.  Volume of 0.5 mL cell suspension is estimated with the micro-
scope to obtain a fi nal density of cells up to 10,000 cells/cm 2 . 
Thus, this volume has to be estimated in each study. 
  3.  A fi nal volume of 8 mL trypsin is added to the culture dish to 
collect cells and can be added in one step before incubation 
(Subheading  3.2 ). However to divide trypsin addition in two 
 Fig. 3  Main pathways within HT29 metabolome altered after the CA treatment. CA brings about modifi cations 
on polyamine pathway ( a ) by the down-expression of N-acetylputrescine, methyl-thio-adenosine, and 
γ-aminobutyric  acid . CA also alters glutathione metabolism ( b ) by a down-expression of oxidized glutathione 
that gives rise to increased levels of reduced glutathione and cysteinyl-glycine. Down- and up-expressed 
metabolites are marked with  red and  green arrows, respectively. Whisker plots of average metabolite areas 
(±SD) in control- ( c ) and carnosic  acid -treated (CA) cells are also shown for signifi cantly different metabolites 
involved in A and B pathways. Enzymes involved in polyamine pathway are ornithine decarboxylase (1), sper-
midine synthase (2), spermine synthase (3), acetyl-CoA: spermidine/spermine N 1-acetyltransferase (4), poly-
amine oxidase (5), spermidine N 8-acetyltransferase (6), amine oxidase plus aldehyde dehydrogenase (7), 
S-adenosylmethionine decarboxylase (8) 
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steps (add 5 mL trypsin, then incubate, and add 3 mL trypsin) 
is more advisable to obtain the maximum recovery of cells 
from the culture dish. 
  4.  PBS volume is estimated in order to obtain a 10 × 10 6 cell 
suspension. 
  5.  In order to follow a routine on how to count the cells, it is 
important to establish a procedure to not count more than one 
time each cell. To do so, one possibility is to count the cells 
touching the midline of the triple line, on the top and left of 
each square (of the Neubauer chamber). Do not count cells 
touching the midline of the triple line, on the bottom or right 
side of the square. 
  6.  The total count of cells must be around 100. If not, adjust the 
dilution of cell suspension by modifying PBS volume. It is 
important to note that a half of the total volume of the fi nal 
solution to count cells has to consist of trypan blue (commer-
cially available at 0.4 %). Namely 0.2 % fi nal trypan blue con-
centration is necessary to count cells. 
  7.  The formulas for calculation are the following ones: 
 Cells/mL = average number of cell counted × 104 × dilution 
factor [ 8 ] (dilution factor can change depending on the result 
obtained from cell counting ( see  Note  2 ). 
 Total cells = cells/mL × vol. of original suspension. 
 Another relevant parameter if for example proliferation 
under given conditions is under scrutiny is the viability of cells 
described below: 
 % Viability = (number of viable cells counted/total number 
of cells counted) × 100. 
  8.  Liquid  nitrogen must be carefully used because contact may 
produce burns. Always use security glasses and gloves to work 
with it. The use of a rack or container with a handle or hand-
grip is recommended to submerge the tubes. 
  9.  Low-pH BGE promotes positive charge of analytes and is rec-
ommended to avoid analyte adsorption onto the inner capil-
lary wall. 
  10.  Every parameter in data processing must be carefully opti-
mized for each experiment and instrument. MZmine has the 
advantage to present a very visual  interface which is very rec-
ommendable for  CE-MS data processing due to higher migra-
tion time deviations compared to LC- or GC-MS and moreover 
data processing experience is not necessary to visually check 
the results. 
  11.  There are many ways to estimate the minimum intensity from 
which peaks are detected in data process. One of the most 
common estimations of the threshold is to divide the lower 
signal intensity (low-abundant species) by 3. 
Capillary Electrophoresis in Food and Foodomics
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  12.  Migration time or intensity of standards could be different 
from the values obtained in the samples if standards are injected 
alone. Salts, viscosity, and other matrix properties contribute 
to migration time and intensity values of metabolites. 
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CE-MS in Food Analysis and Foodomics
Tanize Acunha, Clara Ibáñez, Virginia García-Cañas, Alejandro Cifuentes, and Carolina Simó
8.1
Introduction: CE-MS, Food Analysis, and Foodomics
As a result of globalization in food trade, the distance between the producers of
food and food ingredients and the consumers has increased enormously. Conse-
quently, maintaining safety and quality along the food chain has become a diﬃcult
challenge nowadays. Moreover, food safety and quality are crucial not only due to
their impact on consumers’ health but also because food industry is a mainstay of
the economy of many countries. To ensure consumption of safe and high-quality
foodstuﬀs, it is essential to improve traceability. The EU deﬁnes traceability as
the ability to trace and follow a food, feed, food-producing animal or substance
intended to be or expected to be incorporated into a food or feed, through all
stages of production, processing, and distribution [1]. Eﬀective traceability sys-
tems are useful for the prevention of fraudulent practices, which, in most cases,
focus on illicit economic gain. Such practices may include adulteration, misla-
beling, false use of geographical indications, and deliberate fraudulent practices
(production, processing, and distribution), among others. Not only is traceability
a way to improve food safety, but it can also be seen as a strategic tool to improve
the quality of foods and a way to increase the trust of costumers, and therefore,
companies can use traceability as a source of competitive advantages [2].
Foodomics has been deﬁned as a discipline that studies the food and nutri-
tion domains through the application and integration of advanced omics tech-
nologies to improve consumer’s well-being, health, and conﬁdence [3, 4]. Thus,
Foodomics is intended to be a global discipline that includes all of the emerg-
ing working areas in which food (including nutrition), advanced analytical tech-
niques (mainly omics tools), and bioinformatics are combined [3]. For both con-
ventional food analysis and Foodomics, advanced analytical strategies are applied
[4], and among them, mass spectrometry (MS) plays a crucial role [5]. However,
due to the complexity of the food matrices, the use of MS is often not enough
to unravel their composition. To overcome this important limitation, hyphenated
mass spectrometry techniques such as gas chromatography–mass spectrome-
try (GC-MS), liquid chromatography–mass spectrometry (LC-MS), and capillary
Capillary Electrophoresis–Mass Spectrometry (CE-MS): Principles and Applications,
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electrophoresis–mass spectrometry (CE-MS) have achieved great success in food
analysis applications [6]. LC-MS is applicable to the analysis of a wide range of
semipolar compounds with a wide range of molecule sizes. GC-MS is particularly
appropriate for the analysis of volatile organic compounds. CE-MS, on the other
hand, is particularly suited for the rapid separation of ionic, weakly ionic, and/or
highly polar compounds with very high resolution. Main advantages include min-
imum sample and reagent consumption and fast separation speed. It is also envi-
ronmentally friendly due to its low solvent consumption. On the other hand, poor
sensitivity is one of themain drawbacks of CE, which can be improved by combin-
ingCEwithMSdetection [7].Moreover, the use of preconcentration strategies can
give further sensitivity gain. It is worth mentioning that CE-MS is not as robust
and stable as GC-MS or LC-MS, due to the need to complete the CE electrical
circuit for separation and simultaneously provide an electrical potential to the
spray tip. Typically, this is accomplished with a sheath-liquid ESI interface due to
its higher robustness compared to other ESI interface approaches. Sheath liquid
compromises sensitivity, and thus, continuous eﬀorts are still being made for the
development of robust sheathless interfaces with the aim to improve stability and
sensitivity. The use of high-resolution mass spectrometry also greatly improves
the analytical performance of CE-MS and oﬀers a good combination of selectivity
and sensitivity. When working with CE-MS, the combination of migration time,
accuratelymeasuredmass, and, when possible,MS/MS fragmentation spectra can
support compound identiﬁcation. Within this context, the use of CE-MS in food
analysis and Foodomics oﬀers numerous opportunities to obtain valuable infor-
mation that can directly be correlated to food quality, safety, bioactivity, and other
features related to food processing, storage, authenticity assessment, and so on.
This chapter presents an overview on the advantages and drawbacks of the
application of CE-MS in food safety and quality, as well as in other aspects related
to food traceability and bioactivity following classical food analysis as well as
novel Foodomics approaches.
8.1.1
CE-MS and Food Safety
Food safety is still a global health objective. Although the safety of food
has dramatically improved, foodborne diseases from microbial contamination,
chemicals, and toxins are amajor cause of illness and deathworldwide. Food safety
assessment involves the examination of food for the presence of hazards induced
by pathogen agents such as bacteria, viruses, parasites, toxigenic molds, microal-
gae and also for the presence of noxious chemical compounds such as agro-
chemicals, toxins, industrial/environmental contaminants, veterinary drugs, and
allergens. On the other hand, adulteration and other deliberate fraudulent prac-
tices (production, processing, packing, distribution) might also have implications
in food safety. Analytical information, including the following data for both
recognized and new hazardous compounds, is therefore essential to advance in
this important area of research.
8.1 Introduction: CE-MS, Food Analysis, and Foodomics 195
Economically motivated food adulteration is an emerging health risk in a grow-
ing globalized food trade. In most cases, fraudsters are focused on economic gain
and do not have the resources/knowledge to assess whether such a manipulation
poses any toxicological or hygienic risk to the purchaser or the consumer [8]. A
clear example is the adulteration of milk and milk products with melamine to
falsely increase the apparent protein levels [9]. This dangerous fact promoted
analytical method development worldwide focused on the detection of that con-
taminant [10]. LC and GC coupled with MS have demonstrated to be powerful
techniques to analyze melamine and related compounds [11]. CE/capillary elec-
trochromatography (CEC)-MS have also been shown to be attractive alternative
methods for fast and minimum sample and reagent consumption approaches
[12, 13]. As an example, a CEC-MS method was proposed by Huang et al. as
an alternative to LC-MS, employing poly(divinyl benzene-alkene-vinylbenzyl
trimethylammonium chloride) monoliths as stationary phase for the analysis of
melamine and its three by-products (ammeline, ammelide, and cyanuric acid)
[13]. MS detection permitted the reduction of the LODs by three orders of
magnitude relative to UV detection reaching values of 2.2–19.4 μg l−1.
Determination of veterinary drug residues in food products from treated
animals is an issue of major concern on food analysis due to its implications
on human health. Animals may be treated with drugs for prevention or cure of
diseases or to promote their growth. As a result, undesirable antibiotic residues
can remain on meat, milk, eggs, and so on. The presence of these drug residues
in food is strictly regulated by speciﬁc legislation in many countries through the
imposition of maximum residue limit (MRL) values. Thus, an eﬃcient analysis
of veterinary drugs residues in foodstuﬀs, and also in environmental samples,
is a constant challenge for researchers. Excellent review works on CE analysis
of antibiotics have been published in which interested readers on this issue can
ﬁnd more detailed information [14, 15]. The problem of the low sensitivity of CE
for drug residue analysis has been addressed by a variety of preconcentration
techniques. For example, ﬁeld-ampliﬁed sample injection (FASI)-CE permitted
the quantiﬁcation of amprolium in eggs at concentrations down to 75 μg kg−1
[16]. In that work, CE-MS permitted the identiﬁcation of one interference from
the matrix (thiamine) eluting at the same migration time as amprolium and
the subsequent method optimization. Domínguez-Álvarez et al. developed and
validated a combination of QuEChERS (quick, easy, cheap, eﬀective, rugged, and
safe) methodology with CE-MS for the determination of trace levels of benz-
imidazoles (2-aminobenzimidazole, carbendazim, albendazole-2-aminosulfone,
5-hydroxy-thiabendazole, oxibendazole, albendazole, fenbendazole, oxfendazole,
albendazole-sulfone, fenbendazole-sulfone) in eggs [17]. Following this approach,
the LODs for these residues in egg samples were between 3 and 51 μg l−1. Molec-
ularly imprinted polymers (MIPs) have been evaluated as sorbents for in-line
solid-phase extraction (SPE) and sample cleanup in CE-MS for antibacterial
drugs [18]. This in-line MISPE-CE-MS system permitted direct milk injection
for the determination of eight veterinary quinolones and related metabolites
(danoﬂoxacin, saraﬂoxacin, diﬂoxacin, enroﬂoxacin, ciproﬂoxacin, ﬂumequine,
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marboﬂoxacin, and oxolinic acid) with LOD values from 1.0 to 1.4 μg kg−1,
which are below the MRLs established by the EU regulation. A group of ﬂu-
oroquinolones were analyzed by CE-UV and oﬀ-line combination of CE and
matrix-assisted laser desorption/ionization–time-of-ﬂight mass spectrometry
(MALDI-TOF) [19]. Although the advantages of this oﬀ-line approach are not
clear, it permitted the separation and identiﬁcation of ciproﬂoxacin, norﬂoxacin,
and oﬂoxacin in bovine milk samples.
Analysis of pesticide residues is of the outmost importance in environmental
and food samples. Within this ﬁeld, a comprehensive overview of the current CE
developments for herbicide analysis was published in 2014 [20]. There are also
examples of the application of novel CE developments for the determination of
fungicides and insecticides in food samples [21, 22]. Regarding the use of CE-MS,
Daniel et al. showed the applicability of this technique for the determination of
halosulfuron-methyl herbicide residues in samples of sugarcane juice and tomato
[23]. The samples were submitted to a QuEChERS extraction procedure prior
to CE-MS/MS analysis to accomplish with the sensitivity and speciﬁcity values
indicated by the international legislation about halosulfuron-methyl in sugarcane
and tomato. The reported recovery values for spiked samples ranged from 96% to
105%, and the LOD for the herbicide in juice and tomato was 2 ppb.
In addition to the analysis of drug/pesticide residues, there is a wide range
of contaminants that can be found in food/feed. According to the Codex
Alimentarius [24], a contaminant is “any substance not intentionally added to
food, which is present in such food as a result of the production, manufacture,
processing, preparation, treatment, packing, packaging, transport or holding of
such food or as a result of environmental contamination.” A variety of industrial
chemicals have been reported as persistent organic pollutants or environmental
contaminants, which may enter at several stages of food/feed production.
Food-packaging-derived chemicals may also contaminate foodstuﬀs, and some of
them can alter functions of the endocrine system and consequently cause adverse
health eﬀects. The feasibility of CE-MS for the analysis of several endocrine
disruptors has also been demonstrated [25]. CE-MS was applied to the analysis
of 2,4-dichlorophenol, 2,4,5-trichlorophenol, pentachlorophenol, bisphenol-A,
4-tert-butyl-phenol, and 4-tert-butyl benzoic acid in spiked honey samples. Prior
to CE-MS, a liquid–liquid extraction procedure was applied and LODs were in
the 1–4 ng g−1 range. Naturally occurring toxins (produced by algae, fungi, and
plants), which are not intentionally added to food and feed, can also get into
the food chain [26]. Phycotoxin-producing algae can be accumulated in edible
shellﬁsh, crustaceans, and ﬁsh, causing possible poisoning when inadvertently
consumed. Poisoning due to marine toxins occurs worldwide and can produce
acute eﬀects, or chronic health eﬀects, but also economic damages to shell-
ﬁsh farming. Sassolas et al. have reviewed current capillary electromigration
approaches, among others, for the analysis of okadaic acid, a toxin that contam-
inates bivalves and causes severe public health problems and economic damages
to shellﬁsh farming [27]. Keyon et al. compared four CE methods with diﬀerent
detection methods, for the analysis of paralytic shellﬁsh toxins (PSTs) in terms
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Figure 8.1 Separation of PST mixture using
four diﬀerent CE methods. (a) Electrophero-
gram of CZE-UV using 30mM phosphate
buﬀer pH 2.5, sample injected at 5 kV for
10 s. (b) Extracted ion electropherogram) of
CZE-MS at selected m/z using 35mM mor-
pholine pH 5.0, sample injected at 5 kV for
10 s. (c) Electropherogram of CZE-C4D using
25mM sodium acetate buﬀer pH 4.22, sam-
ple injected at 5 kV for 10 s. (d) Electrophero-
gram of MEKC-FLD using 30mM phosphate
buﬀer at pH 8.5 containing 80mM SDS, sam-
ple injected at 0.7 psi for 10 s. (Reproduced
from [28] with permission from Wiley.)
of resolution, selectivity, separation eﬃciency, and sensitivity [28]. A standard
mixture of PSTs (saxitoxin, decarbamoylsaxitoxin, neosaxitoxin, decarbamoyl-
neosaxitoxin, gonyautoxin 1 to gonyautoxin 5, decarbamoylgonyautoxin 2,
decarbamoylgonyautoxin 3, and C toxins) was used for that purpose (Figure 8.1).
The developed capillary zone electrophoresis–ultraviolet detection (CZE-UV)
and CZE capacitively coupled contactless conductivity detection (C4D) methods
provide overall better resolution, selectivity, and separation eﬃciency compared
to CZE-MS and micellar electrokinetic chromatography–ﬂuorescence detection
(MEKC-FLD). On the other hand, the sensitivity of the CZE-C4D and MEKC-
FLDmethods was superior to that of UV andMS. Although the CZE-MSmethod
only separates saxitoxin, decarbamoylsaxitoxin, decarbamoylneosaxitoxin, and
neosaxitoxin from the gonyautoxins (1–5), diﬀerences inmass and fragmentation
pattern allow for speciﬁc quantiﬁcation of at least 10 of the 11 charged PSTs.
When applied to real shellﬁsh samples, the CZE-C4D method suﬀered from
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signiﬁcant interferences frommatrix, while MEKC-FLD was successfully used for
PST screening. Mycotoxins can appear in the food chain because of fungal infec-
tion of crops, either by being consumed directly by humans or by being used as
livestock feed [29]. The last developments in mycotoxin analysis, including those
based on capillary electromigrationmethods, were recently reviewed by Berthiller
et al. [30]. Acute poisoning is also seen to be related to the consumption of wild
mushrooms. In this regard, Ginterová et al. proposed a CE-MS/MS method
for the screening of mushroom intoxication [31]. For that purpose, mushroom
toxins, ibotenic acid, muscimol and muscarine were analyzed in a spiked urine
sample. The LOD values were in the range of 0.05–0.73 ngml−1. The presence
of biogenic amines (BAs) above a certain level can be considered as indicative
of undesired microbial activity. Biogenic amines (BAs) are nitrogen compounds
(e.g., putrescine, cadaverine, spermine, spermidine, tyramine, phenylethylamine,
histamine, tryptamine), which are present in a wide range of food products
[32], especially in ﬁsh products and fermented foods [33]. They can cause severe
health problems, particularly to sensitive individuals. CE is considered as a good
alternative to high-performance liquid chromatography (HPLC) for the analysis
of BAs in food samples [34]. Putrescine, cadaverine, histamine, phenylethylamine,
tyramine, and other less common BAs (ethanolamine, isoamylamine, tryptamine,
spermine, and spermidine) are BAs frequently found in wines; they have been
analyzed in less than 8min by CE-MS [35].
During food processing, certain substances not present or present at much
lower concentrations in the raw material might be produced. Some of these
substances might be undesirable either because they have an adverse eﬀect on
product quality or because they are potentially harmful. Evaluation of chemical
changes during food processing is a diﬃcult task, considering the complexity of
food matrices and the large number of parameters that can contribute to those
changes during processing, such as temperature, pH of the system, pressure,
oxygen availability [36]. Particular attention has been given to detect known
contaminants and suspected carcinogenic food processing contaminants such
as acrylamide, furan, 5-hydroxymethylfurfural (HMF), furosine, heterocyclic
amines, and polycyclic aromatic hydrocarbons [37–39]. In this ﬁeld, a new
CE-MS/MS method was developed for the analysis of furosine in foods. The
formation of furosine is directly related to the heat applied to many foods. Flour
samples of diﬀerent origin (wheat, chestnut, lupin, einkorn, chickpeas), as well
as processed foods such as pasta, milk, and bread, were analyzed. LOD and
LOQ values determined by CE-MS/MS were 0.07 and 0.25mg l−1, respectively.
CE-MS/MS results were compared with those obtained by reversed-phase
HPLC-UV, achieving a good agreement between the results provided by both
techniques. A similar CE-MS/MS approach was applied for the quantiﬁcation
of hydroxy-methyl-furfural (HMF) in food products [40]. Although it is not
present in fresh or untreated foods, it rapidly accumulates during the heat
treatment. Thus, HMF is widely recognized as a marker of food deterioration due
to excessive heating or inadequate storage conditions. The CE-MS/MS method
was applied to the analysis of cereal-based baby foods, coﬀee, soft beverages, and
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vinegars. When compared to RP-HPLC-UV, good agreement between the two
methodologies was also observed [41].
A variety of hazardous compounds used as additives in food products in
some countries are currently illegal and prohibited for use as food additives by
other countries, because of their carcinogenicity to humans. As an example,
Sudan dyes have been extensively used in some countries as additives in foods
(i.e., chilli powder, paprika, sauces, etc.), and they are prohibited in the EU. In
order to give response to this issue, a MEKC-MS/MS method was developed
for the detection of Sudan dyes I–IV in chilli powder samples [42]. Since UV
detection was not suitable for the determination of these dyes, MS detection in
the positive ion was employed and MS/MS spectra of each dye permitted their
identiﬁcation.
Foodstuﬀs may also be a major source of toxic metals causing health hazards
to the consumers. The toxicity, environmental mobility, and accumulation of
certain elements in living organisms depend on the form in which they occur.
Thus, elemental speciation is an important discipline within food safety. In the
recent years, CE with inductively coupled plasma MS (ICP-MS) has become
one of the preferred techniques for speciation analysis [43], and the number
of reports on its use in food safety has continued to grow. An interesting
example is the arsenic speciation. As occurred with other elements such as
mercury [44]. The eﬀects of arsenic in certain foods are less dependent on
its total concentration, but more on the concentration of its various species
[45]. Marine food contains a great variety and relatively high concentrations of
arsenic compounds. This is because in seawater, arsenic occurs predominantly
as inorganic species, namely, arsenate and arsenite. Marine organisms exhibit
mechanisms of biotransformation and detoxiﬁcation, and they produce a large
variety of organoarsenic species with very diﬀerent toxic eﬀects. Thus, there is a
clear interest to separate, identify, and quantify every arsenic species individually.
CE-ICP-MS has been applied to identify and quantify the arsenic species arseno-
betaine (AsB), arsenite (AsIII), arsenate (AsV), and dimethylarsinic acid (DMA)
in ﬁsh samples. LODs obtained were 1× 10−7 M for AsB, 5× 10−7 M for DMA,
and 1× 10−6 M for AsIII and AsV [46]. Rice products are also of particular interest
since rice plants have higher accumulation rates of arsenic when compared to
other crops [47]. Quantiﬁcation of common arsenic species in rice and rice cereal
using CE-ICP-MS has also been reported [48]. In that work, an enzyme (i.e.,
α-amylase)-assisted water-phase microwave extraction procedure was used to
extract four common arsenic species, including dimethylarsinic acid (DMA),
monomethylarsonic acid (MMA), arsenite (AsIII), and arsenate (AsV), from the
rice matrices (Figure 8.2). Nanoparticles are currently used as additives to food
and drinks, since they can prevent caking, help to deliver nutrients, and prevent
bacterial growth. But as nanoparticles increase in use, so do concerns over their
health and environmental eﬀects. CE-ICP-MS has also been applied for rapid and
high-resolution speciation and characterization of metals (e.g., gold, platinum,
and palladium) [49]. In this sense, it was observed that the diameters of the
nanoparticles followed a linear relationship with their relative electrophoretic
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Figure 8.2 CE-MS electropherograms of
arsenic standards and rice extracts with pos-
textraction addition of the internal standard
o-arsanilic acid (o-ASA). DMA, dimethylarsinic
acid; As III, arsenite; MMA, monomethylar-
sonic acid; As V, arsenate. CE conditions:
sodium carbonate at pH 11 as separation
buﬀer. Injection: 15mbar for 8 s. Running
voltage: +30 kV. (Reproduced from [48] with
permission from American Chemical Society.)
mobility, and size information on unknown nanoparticle samples could be extrap-
olated from a standard curve. The CE-ICP-MS method was successfully applied
to the analysis of commercially available metallic nanoparticle-based dietary
supplements.
Food allergies represent an important health problem [50]. Most cases of food
allergy are associated with a limited range of products, such as molluscs, eggs,
ﬁsh, peanuts, tree nuts, soybeans, milk, celery, mustard, sesame, cereals contain-
ing gluten, crustaceans, lupin, and sulfur dioxide [51]. The extent to which allergy
is associated with particular foods varies with dietary habits and preferences,
as well as the introduction of new foods, but also in the way in which foods are
processed and prepared [52]. Sensitive and selective determination methods
are therefore in continuous development to guarantee food safety for sensitive
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individuals. Milk whey proteins are among the main allergens and can cause
allergy even at a very low concentration. Among them, β-lactoglobulin and α-
lactalbumin are the main allergens in milk. They have been successfully detected
by immunoaﬃnity capillary electrophoresis (IACE) oﬀ-line coupled to MALDI-
TOF MS. Sensitive quantitative analysis of β-lactoglobulin and α-lactalbumin
was achieved in diﬀerent milk samples including fortiﬁed soy milk [53] as well as
total IgE quantiﬁcation in blood serum of milk-allergic patients [54]. Lysozyme
is another potential allergenic agent, and thus, it has to be declared according
to the labeling requirements in each country. CE-MS method has been applied
for preservative lysozyme in cheese [55, 56]. To prevent protein adsorption onto
the fused-silica capillary inner surface, a novel copolymer carrying pendant
dendronic triamines has recently been synthesized and used as eﬀective capillary
coating for the determination of the basic protein lysozyme in complex food
samples [57]. The coating showed full compatibility with MS detection. As can be
seen in Figure 8.3, the method was demonstrated to be eﬀective for the analysis
of lysozyme in commercial cheese samples, as well as some remaining whey
proteins as α-lactalbumin and β-lactoglobulins were identiﬁed in the cheese.
Moreover, a variety of peaks with lower molecular masses (550–1200Da) were
detected in the same analysis, most probably from polypeptides derived from the
proteolysis that occurred during the ripening process.
8.1.2
CE-MS in Food Quality and Authenticity
As mentioned earlier, food chain integrity includes not only safety concerns but
also origin fraud and quality concern. Food quality is intrinsically linked to food
safety and is determined to a large extent by the biological and genetic variability
of the raw constituents and also by the treatment of food during production,
processing, and storage [58]. Food traceability can be employed to know the com-
position and origin of a particular food product during the whole manufacturing
process [59]. In this context, the proﬁling of free amino acids (AAs) has been fre-
quently used to discriminate the origin of a substance and its shelf life [60]. Apart
from the nutritional properties of amino acids in foodstuﬀs, they have important
impact on the quality. CE-MS oﬀers a selective, sensitive approach for amino acid
analysis in complex samples [61]. CE-MS/MS has been employed for the analysis
of AAs to assess the quality of several commercial royal jelly products as well as of
honey [62].Thus, 16 AAs (Ala, Arg, Asp, GABA, Glu, Gly, His, Leu, Lys, Met, Phe,
Pro, Ser, Thr, Tyr, and Val) were analyzed in less than 20min with LODs lower
than 10.5 μg g−1. The CE-MS/MS method permitted discrimination between the
diﬀerent royal jelly products (tablet, liquid drink, and raw material) and among
the royal jelly raw materials and honey. Chemical characterization of diﬀerent
inactive dry yeast preparations (normal and glutathione-enriched) typically used
within the wine industry has been recently presented [63].The capabilities of CE-
MS permitted the detection, for the ﬁrst time, of 14 sulfur-containing compounds






















































Figure 8.3 (a) CE-MS extracted ion electropherograms of detected proteins in a cheese extract. Mass spectra from (b) α-lactoalbumin,
(c) β-lactoglobulin, and (d) lysozyme. (e) CE-MS extracted ion electropherograms of low-molecular-mass compounds. Capillary coated with
poly-(TEDETAMA-co-HPMA) 50 : 50 copolymer. CE conditions: 35mM ammonium acetate at pH 4.8 as separation buﬀer. Injection: 0.5 psi for 10 s.
Running voltage: −30 kV. (Reproduced from [57] with permission from Wiley.)
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1: 385.13 m/z, S-adenosylhomocysteine
2: 371.12 m/z, NTI*
3: 223.08 m/z, NTI 
4: 237.09 m/z, methionyl-serine, serinylmethionine, S-aminomethyldihydrolipoamide 
5:298.10 m/z, 5-methylthioadenosine 
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10: 613.16 m/z, oxidized glutathione
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14: 308.09 m/z, glutathione
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Figure 8.4 CE-TOF MS extracted ion electro-
pherograms (EIEs) of (a) the 14 most abun-
dant sulfur-containing compounds and (b)
methionine and cysteine from inactive dry
yeast (n-IDY) and GSH-enriched inactive dry
yeast (g-IDY). A continuous line for g-IDY
permeate and a dotted line for n-IDY per-
meate are used. CE conditions: 3M formic
acid as separation buﬀer. Running voltage:
+25 kV. Injection: 0.5 psi for 80 s. (Repro-
duced from [63] with permission from Ameri-
can Chemical Society.)
better properties of this yeast preparation (Figure 8.4a). Moreover, other inter-
esting sulfur-containing amino acids (methionine and cysteine) that might have
useful properties for wine preservationwere also detected (Figure 8.4b). Enantios-
elective separations of amino acid by CE-MS have been successfully applied for
identifying adulterated foods and beverages and for controlling and monitoring
the fermentation processes and products [64, 65]. CE-MS has also been employed
by [66] for the analysis of vitamins B. The group of vitamins B involves thiamine
(B1), riboﬂavin (B2), nicotinic acid/nicotinamide (B3), pantothenic acid (B5), pyri-
doxine (B6), biotin (B7), folic acid (B9), and cyanocobalamine (B12), and they are
water-soluble and provide (individually or simultaneously) many important bio-
logical actions in organism. The simultaneous and highly reliable determination
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and identiﬁcation of vitamins B are very important for the quality control of
vitamin-fortiﬁed food products, food supplements, and pharmaceuticals. On
the other hand, their determination is problematic due to the very diﬀerent
chemical structures and low stability of these vitamins [66]. CE-MS is also a
promising technique to guarantee authentication and origin of agro-products,
through the study of their chemical composition. Analysis of amino acids [65],
phenolic compounds [67], proteins [68], peptides [69], and so on by CE-MS can
be applied as a valid procedure to obtain information about the origin of foods.
As an example, CE has scarcely been employed to analyze phospholipids due to
the low hydrosolubility of these compounds; in this sense, the electrophoretic
modes more frequently used have been MEKC and nonaqueous capillary
electrophoresis (NACE). A NACE-MS method was developed by Montealegre
et al. for the determination of glycerophospholipid proﬁles in olive oil and olive
fruit of diﬀerent varieties and geographical origins [70]. Namely, three diﬀerent
olives varieties (i.e., Arbequina (collected in two Spanish regions), Empeltre, and
Lechín) and a monovarietal extra virgin olive oil from Arbequina variety were
analyzed in that work. Lysophosphatidic acid (lyso-PA), phosphatidylcholine
(PC), lysophosphatidylethanolamine (lyso-PE), phosphatidylethanolamine (PE),
phosphatidylinositol (PI), phosphatidic acid (PA), phosphatidylglycerol (PG)
were detected in olive fruit (Figure 8.5). Apparently, diﬀerences in the relative
abundance of the glycerophospholipid proﬁles were observed as a function of the
diﬀerent geographical origins and variety of the olive fruits analyzed.
8.1.3
CE-MS and Foodomics
Theprogress of novel, high-throughput omics technologies has opened new fron-
tiers in the research of food safety, food quality, food traceability, and dietary
components and their eﬀects on health. Among omics technologies, Genomics,
Transcriptomics, Proteomics, Peptidomics, and Metabolomics aim to detect the
complete set of genes, transcripts, proteins, peptides, and metabolites in a biolog-
ical system, respectively. These technologies allow for generating and integrating
huge amounts of information. Recent advances in omics technologies present the
potential to expand the coverage of analytes that can be simultaneously deter-
mined in a single analysis.Thus, omics technologies signiﬁcantly improve the sim-
plistic and reductionist experimental models used by classical target approaches
that oﬀer only a temporal snapshot of the huge complexity and dynamic nature
of biological networks. Omics development and progress have led to an increas-
ing demand on the knowledge about the possible eﬀects and interactions between
diet and individual gene expression, as well as the diﬀerent individual responses to
nutrients depending on gene polymorphisms. However, health and disease status
are aﬀected not only by genetic elements but also by behavioral and environmental
factors, among others. In this scenario, there is a need for expanding our knowl-
edge about the processes occurring at molecular level due to dietary components
and their consequences on gene, protein, and metabolite expression addressed by
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Figure 8.5 Total ion electropherograms (TIE)
of glycerophospholipid proﬁle and EIEs for
each phospholipid from Arbequina olive oil
samples analyzed. Conditions were as shown
in Figure 8.2. Peaks: lyso-PA, lysophospha-
tidic acid; PC, phosphatidylcholine; lyso-PE,
lysophosphatidylethanolamine; PE, phospha-
tidylethanolamine; PI, phosphatidylinositol;
PA, phosphatidic acid; PG, phosphatidyl-
glycerol. CE conditions: 100mM ammo-
nium acetate in 60 : 40 (v/v) methanol/ACN
with 0.5% acetic acid as separation buﬀer.
Running voltage: +25 kV. Injection: 50mbar
during 5 s. (Reproduced from [70] with per-
mission from American Chemical Society.)
omics technologies. As a long-term goal, diﬀerent individual responses to dietary
compounds could be determined, leading to a personalized diet and/or tailored
dietary preventive interventions. In this complex framework, Foodomics disci-
pline has emerged to integrate information from omics technologies concerning
food science and nutrition in order to improve human nutrition and consumers’
well-being and conﬁdence [3, 71]. CE-MS has proven to be a powerful analyt-
ical technique in Foodomics, allowing for the analysis of a wide range of ana-
lytes, from ions to macromolecules, with high eﬃciency and selectivity. Within
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the global Foodomics ﬁeld, CE-MS has been shown to be especially suitable for
metabolomics and peptidomics applications.
Metabolomics is conceived as the ultimate response of a biological system to
genetic, physiological, environmental, and dietary factors and aims for the analysis
of the maximal possible coverage of low-molecular weight compounds in a bio-
logical system. However, a single biological system is complex because it contains
a great variety of metabolites with a very heterogeneous nature (lipids, carbo-
hydrates, and many other small compounds such as amino acids, organic acids,
nucleic acids, fatty acids, phytochemicals,minerals) and in awide range of concen-
trations (from pmol or lower to mmol) [72]. This fact hampers the analysis of the
global metabolome using a single analytical methodology, which is ﬁrstly limited
by the selected sample treatment. The selection of the most suitable metabolite
puriﬁcation protocol for metabolomics of adherent mammalian cell culture by
CE-MS has been investigated by comparing diﬀerentmetabolite extraction strate-
gies [73], and by using diﬀerent extraction solvents [74].
Elucidation of composition and characterization of foods and food ingredients
is the starting point for the study of their potential beneﬁcial eﬀects on health.
Going further, foods are generally complex matrices that can be modiﬁed
through, for example, alteration of environmental conditions, food manipulation,
transport, storage, or fermentation, which alter the composition and thus can
have impact on human health. In this regard, CE–time-of-ﬂight mass spec-
trometry (CE-TOF MS) has been combined with LC-MS/MS to evaluate the
eﬀects of time and temperature of storage on pasteurized and unpasteurized
Japanese sake [75].Thus, pasteurization and storage modiﬁed both metabolic and
peptide proﬁles of sake. For instance, amino acid content was signiﬁcantly altered
with storage time and pasteurization and peptides increased during storage.
However, it was observed that the type of sake and storage temperature did not
meaningfully modify sake composition. In another work, the eﬀect of absence
of light during plant development on tea leaves has been characterized by a
metabolomics multiplatform including CE-MS, GC-MS, and LC-MS analysis
[76]. Cationic and anionic metabolites were acquired in the positive and negative
MS ionization modes, respectively. As a result, more than 200 metabolites could
be detected, among which altered concentrations of volatile compounds and
amino acids were highlighted. More recently, the same metabolomics multi-
platform has been employed for the investigation of mesocarp metabolites in
diﬀerent ripening stages of high- and low-yielding oil palm populations [77].
Lipid biosynthesis was the metabolic pathway most severely aﬀected when
high- and low-yielding populations were compared. Other important metabolic
features included changes in lipids, glycolysis, citric cycle organic acids, amino
acids, and nucleosides at diﬀerent ripening stages of fruit [77]. Ripening time has
also been demonstrated to change the metabolic proﬁles of avocado fruits [78].
In that work, quantiﬁcation of 10 compounds including ﬂavonoids and phenolic
acids in 18 avocado samples at diﬀerent ripening states by CE-MS was carried
out using two MS modes, multiple reaction monitoring (MRM) and full scan
[78]. After comparison of the levels of the compounds in the function of ripening
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time, perseitol, quinic acid, chlorogenic acid, trans-cinnamic acid, pantothenic
acid, abscisic acid, epicatechin, and catechin decreased throughout the fruit
development, while ferulic and p-coumaric acids increased in the same period of
ripening.
Metabolomics has also been employed for the investigation of soybean fer-
mentation for the production of a traditional Korean food (cheonggukjang)
whose health beneﬁts are mainly attributed to its content in vitamins, minerals,
isoﬂavonoids, and saponins [79]. For that purpose, CE-TOF MS and GC-TOF
MS analytical platforms were used for the evaluation of the metabolic proﬁles
using diﬀerent fermentation microorganisms and fermentation times. After mul-
tivariate data analysis, it was observed that samples were mainly diﬀerentiated as
a function of fermentation time. Some of the most relevant metabolites altered
during fermentation time were hypoxanthine, guanine, and xanthine. Apart
from bacterial fermentation processes, pathogen bacteria are included among
the main factors that led to an alteration of foodstuﬀ. For instance, bacteria
producing bovine mastitis aﬀect milk quality and quantity of production, leading
to important economic consequences. To elucidate the causes of those eﬀects at a
molecular level, Mansor et al. [80] compared milk peptidic proﬁles obtained from
cows diagnosed with mastitis versus healthy cows. Data analysis and statistical
results led to a diagnosismethodwith 100% sensitivity and speciﬁcity enabling dif-
ferentiation of cows. Furthermore, cows under study suﬀering mastitis caused by
either of the two pathological agents (i.e., Staphylococcus aureus and Escherichia
coli) could be diﬀerentiated with 75% sensitivity with a set of 47 peptides.
The role of bioactive peptides from milk is being increasingly investigated. To
going further into this topic, a peptidomic approach was conducted to evaluate
three hypoallergenic infant milk formulas by CE-TOFMS [81]. To purify the pep-
tidic fraction, two diﬀerent SPE cartridges (i.e., C18 and StrataX™ (STX)) were
used in parallel in order to widen the analytes coverage. After CE-MS analysis,
a number of bioactive peptides ranging from 64 to 116 could be identiﬁed in
milk formulas depending on the sample. This CE-MS method was substantially
faster than the more spread method based on LC-MS oﬀering complementary
information on peptide composition. Another CE-MS method was developed for
the analysis of phosphopeptides in tryptic digests of bovine milk, which showed
unprecedented sensitivity for those analytes [82]. To achieve this good sensitivity,
a transient-isotachophoresis (t-ITP) step as the sole sample concentration stage
followed by a sheathless CE-MSmethod was applied to milk samples using a neu-
trally coated capillary.
Foodomics discipline is especially concerned with diet ingredients evaluation
and their eﬀect on humans health, including the prevention of chronic diseases
such as cancer. A number of investigations have been devoted to this topic using
CE-MS-based metabolomics strategies to study cancer cell cultures following a
Foodomics approach [74, 83–89]. Investigations have been carried out, given
the potential antiproliferative eﬀects of certain food ingredients such as olive
oil [83], dietary polyphenols [89], or rosemary [85] on colon-cancer cells. Thus,
diﬀerences at the molecular level were determined to explain the reduction on
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colon-cancer cell proliferation macroscopically observed after the treatment with
polyphenol-rich extracts obtained from rosemary [85]. Metabolic ﬁngerprints
from the cytosolic content of HT29 colon-cancer cells treated and nontreated
with the rosemary extract were achieved using three complementary analytical
platforms. Thus, information from CE-TOF MS, HILIC/UPLC-TOF MS, and
RP/UPLC-TOF MS was integrated. As a result, an increase in the ratio between
reduced and oxidized glutathione in the treated cells was observed together with
a signiﬁcant alteration in the polyamine content and its catabolites. In order to
clarify those eﬀects at a cellular level, other omics technologies were applied to
the same samples [86]. Integration of the results obtained from Metabolomics
with Transcriptomics and Proteomics information was performed following
a global Foodomics approach for the ﬁrst time [86] (Figure 8.6). Thus, 1308
genes, 17 proteins, and 65 metabolites were observed to be signiﬁcantly altered.
Using the “Ingenuity Pathway Analysis” software, diﬀerences observed in the
metabolomic and transcriptomic data could be integrated, revealing alteration
in nitrogen metabolism, glutamate, glutathione, arginine, and proline and in
the urea cycle and metabolism of amino groups. The same software was used
for the integration of Metabolomic and Transcriptomic information for the
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Figure 8.6 Global Foodomics strategy used by Ibáñez et al. [85] to investigate the activity
of rosemary polyphenols against colon-cancer HT29 cells at molecular level. Contribution of
CE-MS on this workﬂow is highlighted. (Reproduced from [85] with permission from Wiley.)
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proliferation [87]. Namely, a human erythroleukemia K562 and daunomycin
(DNM)-resistant K562/R cell lines were under scrutiny. Metabolic extracts
obtained after ultraﬁltration were analyzed via CE-MS and RP/UHPLC-MS.
After integration with Transcriptomics, the behaviors of both cell lines after
rosemary extract treatment were observed to be slightly diﬀerent (e.g., glu-
tathione metabolism, urea cycle, and metabolism of amino groups). The special
relevance is also the investigation of cell lines from intestinal epithelium in order
to unravel physiological mechanisms of absorption and metabolism of dietary
ingredients before they are absorbed. Shimoda et al. evaluated the eﬀects of
Cistus monspeliensis leaf extract, mainly focusing on the energy metabolism
eﬀects in Caco-2 cells by CE-TOFMS [88].The extract under study was shown to
induce ATP production in human intestinal cells and was postulated as a possible
antiaging agent probably associated to its phenolic compounds content (e.g.,
quercetin, kaempferol, aesculin, myricetin, and ﬂavan-3-ols).
8.2
Concluding Remarks
CE-MS has shown to play a relevant role in food analysis and Foodomics.
Representative applications of CE-MS in the ﬁeld of food safety, food qual-
ity, food authenticity, and food bioactivity as discussed in this book chapter
clearly demonstrate its value. CE-MS can help in diﬀerent applications,
including monitoring of food fermentation, detection of the undesirable
compounds formed during food processing/cooking, determination of indus-
trial/environmental contaminants, detection of unexpected natural toxins,
quantiﬁcation of veterinary drugs and pesticide residues, allergen detection,
assessment of the quality of foods through components determination. More-
over, the capabilities of CE-MS in Foodomics have already demonstrated the full
potential of this technique in this new ﬁeld of research.
CE-MS complieswith essential requirements in food analysis such as short anal-
ysis time, high eﬃciency and resolution and environmental friendliness. However,
there is a variety of challenges that still need to be addressed, including sensitivity
and reproducibility of this technique, and that will remain to be investigated. In
spite of these needed improvements, the global outlook that CE-MS proposes is
a good response to solve complex issues and challenges in the current and future
food science and Foodomics.
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3.3.3. Potential of prodendronic polyamines with modulated 
segmental charge density as novel coating for fast and 
efficient analysis of peptides and basic proteins by CE and 
CE-MS 
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Potential of prodendronic polyamines
with modulated segmental charge density
as novel coating for fast and efficient
analysis of peptides and basic proteins by
CE and CE-MS
In this work, the suitability of a new polymer family has been investigated as capillary
coatings for the analysis of peptides and basic proteins by CE. This polymer family has
been designed tominimize or completely prevent protein–capillary wall interactions and to
modify the EOF. These coatingmaterials are linear polymeric chains bearing as side cation-
izable moiety a dentronic triamine derived from N,N,N’,N’-tetraethyldiethylenetriamine
(TEDETA), which is linked to the backbone through a spacer (unit labeled as TEDETAMA).
Four different polymers have been prepared and evaluated: a homopolymer which com-
prised only of those cationizable repetitive units of TEDETAMA, and three copolymers
that randomly incorporate TEDETAMA together with neutral hydrosoluble units of N-
(2-hydroxypropyl) methacrylamide (HPMA) at different molar percentages (25:75, 50:50
and 75:25). It has been demonstrated that the composition of the copolymers influences
the EOF and therefore the separation of the investigated biopolymers. Among the novel
polymers studied, poly-(TEDETAMA-co-HPMA) 50:50 copolymer was successfully applied
as coating material of the inner capillary surface in CE-UV and CE-MS, providing EOF re-
versing together with fast and efficient baseline separation of peptides and basic proteins.
Finally, the feasibility of the polymer-coated capillary was shown through the analysis of
lysozyme in a cheese sample.
Keywords:
Basic proteins / CE-MS / N,N,N’,N’-tetraethyldiethylenetriamine / N-(2-hydroxy-
propyl) methacrylamide / Peptides
DOI 10.1002/elps.201400576
 Additional supporting information may be found in the online version of thisarticle at the publisher’s web-site
1 Introduction
CE is a powerful technique well suited for the separation
of peptides and proteins, and is especially interesting as
the analysis can be performed without causing conforma-
tional changes in these biopolymers. However, it is well
known that anionic andhydrophobic nature of the fused-silica
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Abbreviations: HPMA, N-(2-hydroxypropyl) methacrylamide;




capillary inner surface causes undesirable interactions with
analytes such as proteins, and particularly with cationic pro-
teins. The simplest strategies to avoid adsorption processes
comprise (i) the use of extreme acidic electrolyte solutions
with the aim to suppress silanol dissociation on the capillary
wall, (ii) increase the ionic strength of the BGE to minimize
protein–wall interaction as co-ions in the BGE compete with
the surface binding sites, or (iii) the employment of BGE
pH values higher than the protein pI for conditioning both
the proteins and the capillary wall to a negatively charged
state to provoke electrostatic repulsions. Extreme pH values
are not suitable because those conditions may denature pro-
teins, thus, to prevent protein adsorption as well as denat-
uration reactions, modification of the inner capillary wall is
generally carried out. In a series of works from Haselberg
et al. [1–3] and Dolnı´k [4, 5], capillary coatings have been
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reviewed for their use in the analysis of proteins by CE and
CE-MS. Covalently bonded polymers are frequently used as
wall coatings to avoid undesirable interactions between the
proteins and the active sites on the inner wall of the fused
silica capillary. However, laborious capillary preparation and
limited pH range are often major concerns when working
with covalent coatings; moreover, many of them are neu-
tral coatings and thus, unstable electrospray might take place
in CE-MS coupling. Alternatively, noncovalent capillary coat-
ings have several advantages relative to covalent coatings,
such as, the simplicity of coating procedure and the pos-
sibility of coating regeneration; moreover, the CE separa-
tion performance can be tailored by selecting the coating
material properties [6]. Dynamic coating in which coating
material (such as, Polybrene or PolyE-323) is present in the
BGE has been demonstrated for the analysis of intact pro-
teins by CE-MS [7,8]. However, although the main advantage
of the self-coating BGEs is their ease of use, this approach is
not often used for the analysis of intact proteins by CE-MS
due to contamination of the ion source and MS instrument.
Particularly attractive are the “static” adsorbed coatings since
the coating material is not in the BGE. Following this idea,
our research group has synthesized and evaluated a variety
of interesting polymers with different properties for their use
in CE-UV and CE-MS. By using these self-made copolymers,
the possibility to adapt the magnitude and direction of the
EOF (anodal or cathodal EOF) depending on the working
pH was successfully implemented. In all cases, typical de-
pendence on the BGE pH was found: anodal EOF at low pH
values, a nearly zero EOF at pH 6–7, and cathodal EOF at
higher pHs [9–13]. Nevertheless, compatibility with CE-MS
was only demonstrated for EPyM-DMA coating [10]. When
working with MS detection, additional requirements to the
CE system, such as the direction and magnitude of the EOF
and the need to obtain robust electrospray conditions have to
be considered [14]. Thus, constant and sufficient EOF is pre-
ferred to achieve stable and reproducible interfacing condi-
tions. Self-made cationic capillary coatings such asOHNOON
andEPyM-DMAhave beenused inCE-MS to analyze peptides
BSA digest [15], basic proteins in food [16], and glycoprofil-
ing in human serum [17] samples; however, in some cases
electrospray stability was limited due to the low flux of liquid
out of the capillary generated by the anodal EOF [15]. Anodal
EOF was also generated in PolyE-323-coated capillaries [18];
net positive charge of this coating was constant from pH 4–8,
giving a stable EOF over this pH range. PolyE-323-coated cap-
illaries were able to generate an EOF high enough to sustain
a stable electrospray in CE-MS coupling [19]. This coating
showed good efficiency for the CE-MS analysis of standard
proteins (RNAse, cyt c, lysozyme, and -lactoglobulin), but
when applied to human plasma samples, poor mass spec-
tra were obtained [19]. Other commercially available coating
materials inducing the EOF to be reversed toward the anode
such as the polycationic polymer Polybrene (PB), generates
stronger EOF. On the other hand, it has been demonstrated
that noncovalent coatings involving PB are more stable
when applying successive multiple layers. Thus, a triple-layer
coating of successive layers of PB, dextran sulfate (DS) and
PB, initially introduced by Katayama [20] was demonstrated
to be a stable coating, exhibiting a pH independent and re-
producible anodic EOF [21,22]. The potential of this approach
was demonstrated for baseline separation of four model in-
tact basic proteins [23], and for the analysis of basic pro-
teins for purity and stability purposes of biopharmaceuticals
[24, 25].
The development of new coating materials for the
analysis of basic proteins and peptides by CE-UV and CE-MS
remains as an active area of research, and it opens the field
of potential applications. In the present work, we introduce
the use of novel coatings for CE-UV and CE-MS, based on
linear polymeric chains bearing as side cationizable moiety a
triamine derived from N,N,N’,N’-tetraethyldiethylene-
triamine (TEDETA). This cationic moiety is linked to the
polymeric backbone through a spacer, forming a unit labeled
as TEDETAMA (see Fig. 1A). There are two remarkable
structural issues regarding this polymeric family. On the
one hand, unlike the previously reported polymeric coatings
described above that are based on cationizable monomers
carrying single tertiary amines, the cationizable pendant
moiety of TEDETAMA is a voluminous dendronic triamine,
a branched tetradentate structure derived from TEDETA
that resembles an inner block of hyperbranched PEI. Sup-
ported TEDETA has recently been used to adsorb different
proteins [26, 27]. TEDETA is also a ligand that possesses
well-known applications in certain chemical reactions such
as atom transfer radical polymerization [28,29]. On the other
hand, it has been recently described by our group that the
statistical incorporation of neutral and hydrophilic HPMA
to TEDETAMA-based polymers has a strong influence on
the electrostatic interactions of the TEDETAMA units with
DNA [30]. It was found that the polymer/DNA interaction
was dependent on the HPMA content. Even the copolymers
with low molar content of TEDETAMA (25%) were able to
condense DNA in an effective way [30], unlike analogous
copolymers with a similar molar content of single amine [31].
This interesting feature is related to the dendronic nature of
TEDETAMA (with three cationizable amines) that makes the
local charge density around the TEDETAMA unit to be high
enough to interact with DNA despite of a high surrounding
content of HPMA. In any case, the higher the HPMA content
in TEDETAMA-based polymers the weaker the interaction is,
because neutral HPMA shields the electrostatic interaction.
In other words, and unlike other commercial polymeric
amines, modulation of charge density on polymers derived
from TEDETAMA may be easily achieved just by the stat-
istical incorporation of neutralHPMAat the appropriate ratio.
Taking advantage of these properties it is therefore hypoth-
esized in this work that the dendronic nature of the cationiz-
able unit as well as the composition of the copolymer will play
a key role on the behavior of the coating of the inner capillary
surface in CE for proteomics applications. In addition to ho-
mopolymer poly-TEDETAMA, different poly-(TEDETAMA-
co-HPMA) copolymerswith three nominalmolar percentages
of TEDETAMA (25, 50 and 75%) are studied as CE coatings.
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Figure 1. (A) Generic structure of the polymeric family studied in this work (TEDETAMA has been represented in its aqueous cationic
form, below pKa of the amines). (B) Scheme of the more populated triads for the polymers studied in this work, according to Supporting
Information Table 1.
Effectiveness of the coatings is confirmed through basic pro-
teins and peptides analysis by CE-UV and CE-MS platforms.
2 Materials and methods
2.1 Chemicals and samples
Formic acid, acetic acid, ammonium hydroxide, ammonium
formate, ammonium bicarbonate, and 2,2′-azobisisobutyro-
nitrile (AIBN) were purchased from Merck (Darmstad,
Germany). DMF, HCl, bovine trypsin, PB, cytochrome c
(cyt c) from horse, bovine cyt c, and lysozyme from
chicken egg-white were purchased from Sigma (St. Louis,
MO, USA). Sodium hydroxide (NaOH) and sodium chlo-
ride (NaCl) were purchased from Panreac Quimica S.A.
(Barcelona, Spain). 2-(3-(Bis(2(diethylamino)ethyl)amino)
propanamido)ethyl methacrylate (TEDETAMA) and N-(2-
hydroxypropyl) methacrylamide (HPMA) were synthesized
according to procedures described elsewhere [30, 32, 33].
Basic proteins (theoretical pI values  9.4) lysozyme,
bovine cyt c, and equine cyt c were dissolved in Milli-Q-water
at 0.11, 0.14, and 0.07 mg/mL, respectively. Peptide mixture
was obtained from Equine cyt c (2 mg/mL) digested with
trypsin [34]. Cured sheep cheese was purchased from a lo-
cal supermarket (Madrid, Spain) and subjected to lysozyme
extraction [35] (Supporting Information).
2.2 Synthesis and characterization of polymers
The homo and copolymerizations were carried out by con-
ventional free radical polymerization [30]. Briefly, the re-
action was performed at 60°C, using AIBN ([I] = 1.5 ×
10−2 mol/L) as the radical initiator and amonomer concentra-
tion of 1M using DMF as solvent. All solutions were carefully
degassed through dried nitrogen flow to remove all the oxy-
gen traces. After 24 h, the obtained polymers were dialyzed
in distilled water, using dialysis membranes Spectra/Por R©
(Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA)
with a molecular weight cut off of 3.5 kDa, and freeze dried.
The composition and molecular weight of the polymers were
determined respectively by 1H-NMR spectroscopy and size
exclusion chromatography [30].
2.3 CE-UV and CE-MS instrumentation
A capillary electrophoresis P/ACE 2100 system from
Beckman (Fullerton, CA, USA) was used. Bare fused-silica
capillaries of 50 m id were purchased from Compos-
ite Metal Services (Worcester, UK). Electrophoretic separa-
tion was achieved using different running voltages (+20,
−20, and −30 kV) at a constant temperature of 25°C with
different BGEs (indicated in each case). Detectionwavelength
was 254/214 nm for CE-UV.
CE was coupled to a micrOTOF MS (Bruker Daltonics,
Bremen, Germany) through an orthogonal ESI interface
model G1607A from Agilent Technologies (Palo Alto, CA,
USA). Electrical contact at the ESI needle tip was established
via a sheath liquid. The nebulizer (N2) and drying gas (N2)
were delivered at 0.4 bar and 4 L/min, respectively. The ESI
chamber was maintained at 200°C. Spectra were acquired in
the 800–2400 and 50–2400m/z range in the positive ionmode
for protein and peptide analysis, respectively.
2.4 Capillary coating
Four polymerswere studied: poly-(TEDETAMA) (Poly1), poly-
(TEDETAMA-co-HPMA) 75:25 (Poly2), poly-(TEDETAMA-
co-HPMA) 50:50 (Poly3), and poly-(TEDETAMA-co-HPMA)
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25:75 (Poly4). Before polymer coating, silica capillary was
flushed with 1 M NaOH (20 min), water (10 min) and
0.1 mg/mL polymer (20 min). After this, polymer was left
to stand overnight inside the capillary. Between injections,
37-cm capillaries were treated with polymer (2 min) and
buffer (2 min) in CE-UV, and 80-cm capillaries with
polymer (4 min) and buffer (4 min).
2.5 EOF measurement
BGE-water-acetone (20:70:10, v/v/v) was employed as marker
to measure the EOF. It was injected using N2 pressure at
0.5 psi for 3 s and detected 254 nm. The voltage applied was
20 kV. BGEs for EOF evaluation by CE-UV are described in
Supporting Information.
2.6 Statistical determination of triads
The molar fractions of triads were obtained by using the
Copol software [36] using monomers reactivity ratios from
literature formethacrylate/methacrylamide couple, rTEDETAMA
= 0.66, rHPMA = 0.84 [37]. The terminal model describes
instantaneously the molar fractions of any sequence, using
conditional probabilities. The conditional probabilities pii and
pij for the i or j monomer addition to a growing chain end
Mi (i,j = 1,2), is given by the propagation rates ratio (Eq. (1)
and (2):
pii = Rii
Rii + Ri j =
kii [Mi ]
kii [Mi ] + ki j [Mj ] =
ri




pi j = 1 − pii (2)
where [Mi] and [Mj] are the monomer feed concentra-
tions. Thus, the instantaneousmolar fraction of any sequence
is equal to the probability of existence of the first unit (f, the
copolymer molar fraction) multiplied by the corresponding
conditional probabilities. For instance, the iii-triadmolar frac-
tion will be:
Fiii = fi pii pii (3)
The sequence molar fraction is related to the sequence
population and therefore to themicrostructure (sequence dis-
tribution). The Copol software approximates the cumulative
molar fraction at 100% conversion (data used in this work)
by performing a simple numerical integration of the instan-
taneous data obtained as explained before.
3 Results and discussion
3.1 Description of the polymers
Chemical structure and compositional characteristics of the
polymers studied in this work are shown in Fig. 1A and Sup-
porting Information Table 1, respectively. 1H-NMR analysis
demonstrated that all systems showed good monomer incor-
poration during the copolymerization, as the molar fractions
in the final copolymers are quite similar to the nominal feed
molar fractions. Polymers showed relatively low molecular
weight typical for standard radical processes [30].
We have described the microstructure of the poly-
(TEDETAMA-co-HPMA) statistical copolymers as a function
of the composition, that is the distribution of monomer units
along the macromolecular chains, by the theoretical determi-
nation of the triad molar fractions (Supporting Information
Table 1) using the Copol software and assuming that the
copolymerization fits to the terminal model. This model can
be used for the description of these systems considering that
it is a good approximation to the reality [38, 39]. This theo-
retical description of triads may be related to the segmental
charge density. This issue has been illustrated by represent-
ing the more populated triads for each polymer (Fig. 1B). The
dendronic nature (and the three charges) of the TEDETAMA
unit and the influence of the composition is also shown. It
can clearly be seen that an increase of the HPMA content
decreases the segmental charge density.
3.2 Effects of BGE pH and polymeric coatings on EOF
The properties of the coated capillaries were first studied by
measuring the EOF and studying its dependence on the BGE
pH. The four polymers described in Section 3.1 were eval-
uated: one homopolymer containing cationizable repetitive
units of TEDETAMA (Poly1) and three copolymers of TEDE-
TAMA with neutral hydrosoluble units of HPMA at different
molar percentages (25%: Poly 2, 50%: Poly 3 and 75%: Poly4).
Bare silica and PB-coated capillary were also included in the
study for comparison purposes.
The amine groups belonging to the unit labeled as TEDE-
TAMA (which is common to all four synthesized polymers)
will provide cationic character that will depend on the pH,
being the pKa of the tertiary aliphatic amines in an inter-
val centered at 8.5 [32]. It is also expected that different
molar percentages of HPMA units will provide to the poly-
(TEDETAMA-co-HPMA) copolymer different behavior due to
the extent of the shielding on the electrostatic interactions and
the modulation of the charge density, as indicated in Fig. 1B.
The EOF values of bare fused-silica and coated capillar-
ies were measured using the BGEs described in Supporting
Information ranging from pH 1.9–10. The results obtained
from this experiment are shown in Fig. 2. As can be seen,
the EOF obtained for the bare fused silica displays a typical
behavior depending on the pH: EOF close to zero at very low
pH, an increase of EOF at higher pHs until pH 8, and nearly
a constant EOF value at pH values higher than 8. Focusing
on polymer-coated capillaries, overall, they showed an anodal
EOF in all the pH range studied. In all cases, all TEDETAMA-
based-coated capillaries showed an anodal EOF at low pHs
and a nearly zero EOF at pHs between 9 and 10.
This behavior was different to that observed previously
with other synthesized copolymers [9–13] in which both
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Figure 2. Electroosmotic mobility as func-
tion of pH and type of capillary coating.
See Sections 2.3–2.5 for detailed experi-
mental conditions.
Table 1. Percent RSD (n = 3) values of the EOFs obtained for bare fused silica and five different coated capillaries at six different pH
values
BGE pH Bare silica Poly 1 Poly 2 Poly 3 Poly 4 PB
1.9 0.29 0.11 1.59 0.12 0.75 0.36
3.9 0.63 0.40 0.34 0.15 0.87 0.86
4.8 0.99 0.47 0.86 0.11 0.13 0.42
7.1 1.67 0.58 0.51 0.97 1.44 0.09
8.1 0.05 0.43 1.45 2.37 1.26 1.70
10.0 0.13 - - - - 7.37
anodic and cathodic EOF were observed depending on the
pH, most probably due to the involvement of both the amine
groups of the polymers (positive charge) and the remaining
silanol groups onto the silica wall (negative charge). By using
poly-(TEDETAMA) and poly-(TEDETAMA-co-HPMA) the
measured EOF was anodal when pH was below 8.1, and
tends toward zero at higher pHs, which is related to the de-
protonation of the amines (as mentioned above, the pKa has
been described to be close to 8.5 [32]). In addition to this gen-
eral behavior, more detailed comparison between different
polymer coatings was carried out at each pH. It was observed
that when decreasing the molar percentage of HPMA the
EOF value was increased, as the positive charge density of
the poly-(TEDETAMA-co-HPMA) is higher. This effect is
more clearly observed at pH 8.1 as can be seen in Fig. 2. Also
the differences of poly-(TEDETAMA) and poly-(TEDETAMA-
co-HPMA) family compared to the commercial PB are no-
table. At pH above 5, PB shows a lower pH dependency than
the TEDETAMA-based polymers, probably due to the perma-
nent character of the PB’s charges compared to the protonable
character of the amines of TEDETAMA (pKa 8.5). Besides,
the anodic EOF observed for Poly1-3 at low pHs is higher
(up to pH 7.1), that may be related to the intrinsic dendronic
nature and the higher segmental charge density which is
higher than in PB and Poly4. The reproducibility provided
by these polymeric coatings was studied and % RSD values
were calculated for the EOFs obtained after triplicated CE
runs carried out at six different pHs (between 1.9 and 10).
Table 1 shows the percent RSD values obtained as a function
of the capillary type and pH. These results indicate that the
coatings were stable over a wide pH range.
3.3 Analysis of basic proteins and peptides
To prevent basic protein adsorption, Poly1-4 capillary coat-
ings were evaluated with the purpose to allow efficient, fast,
and reproducible CE separations of proteins and further ap-
plication to CE-MS. To examine the protein separation using
each coated capillary, a mixture of standard basic proteins
were selected: bovine cyt c, equine cyt c, and poultry lysozyme.
Among the BGEs described in Supporting Information, best
separation was achieved at pH 4.8 (Fig. 3). It was observed
that as HPMA molar percentage increased, both resolu-
tion and migration times increased too. These results show
that the effect on EOF due to content on neutral HPMA
play an important role on protein separation. As occurred
with EOF, Poly1 and Poly2 showed a similar behavior, also
in terms of peak selectivity and migration time: in both
cases, equine cyt c and lyzozyme could not be baseline re-
solved. This similar behavior of Poly1 and Poly2 may be
related to conformational issues, to be precise, some copoly-
mers may compensate the lower segmental charge with a
higher mobility of TEDETAMA units and a better orientation
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Figure 3. CE-UV electropherogram of basic proteins mixture:
bovine cyt c (i), equine cyt c (ii), and poultry lysozyme (iii). Poly-
(TEDETAMA) and Poly-(TEDETAMA-co-HPMA)-coated capillaries
with 50 m id, and 30/37 cm of detection/total length. Running
buffer: 35 mM ammonium acetate at pH 4.8. Injection: 0.5 psi for
5 s. Running voltage: −20 kV. Temperature: 25°C.
respect to the negative charges of the wall due to the pres-
ence of adjacent HPMA units. It has to be noted that substi-
tuted vinyl polymers obtained by radical polymerization are
mainly syndiotactic, and a possible steric hindrance of the
syndiotactic sequences are maximized in the homopolymers,
as it has been described in the literature for other
polyelectrolytes [40]. Baseline separation was obtained using
Poly3- and Poly4-coated capillaries. Moreover, no significant
differences in effective mobilities of the three proteins using
Poly3- and Poly4-coated capillaries, were observed. Namely,
calculated effective mobilities for the Poly3-coated capillary
were: 2.7·10−4, 2.9·10−4, and 3.0·10−4 cm2/sV, for peak 1, 2,
and 3, respectively; while for the Poly4-coated capillary these
values were practically the same (namely, 2.7·10−4, 3.0·10−4,
and 3.1·10−4 cm2/sV). Thus, protein interaction with Poly3
and Poly4 coatings did not contribute to the separation. As
can be seen in Fig. 3, an optimal compromise between analy-
sis time and resolution was obtained with poly-(TEDETAMA-
co-HPMA) 50:50 copolymer-coated capillary (Poly3). Under
these conditions, good migration time repeatability was ob-
tained: namely, 0.5, 0.6, and 0.6% RSD (n = 5), for bovine cyt
c, equine cyt c, and poultry lysozyme, respectively. RSD values
for peak areas (n = 5) were 1.2, 1.3, and 1.9% for bovine cyt
c, equine cyt c, and poultry lysozyme, respectively. Moreover,
three different capillaries were submitted to polymer coating
with Poly3 and acceptable repeatability for migration time
(Supporting Information Table 2) was obtained, with percent
RSD values of 4.4, 4.9, and 5.3 for three different capillaries
Figure 4. (A) CE-UV analysis of cytochrome c digest. Same an-
alytical conditions as in Fig. 3. (B) CE-MS base peak electro-
pherogram of cytochrome c tryptic digest; for peptides identifi-
cation see peak numbers in Supporting Information Table 3, and
(C) CE-MS extracted ion electropherograms of basic proteinsmix-
ture comprising bovine cyt c (i), equine cyt c (ii), and poultry
lysozyme (iii). 80 cm of detection/total capillary length. Injection:
0.5 psi for 10 s. Running voltage:−30 kV. Temperature: 25°C.Other
analytical conditions as in Fig. 3.
and three different days. Plate numbers for thementioned ba-
sic proteins were up to 280 000 and up to 125 000, using the
Poly3 and Poly4 coating, respectively. Also, plate numbers for
each protein peak did not significantly change in successive
runs, indicating a stable coating.
CE has also become a recognized complementary tech-
nique to frequently used reversed-phase LC for peptide anal-
ysis, especially in clinical research [41]. Analysis of peptides
is also of great importance since both the structure and func-
tion of many proteins are identified via their peptidic frag-
ments. In this important line of research, coated capillaries
can also be used to control the efficiency and speed of the
CE separation of peptides. In this work, a first attempt to
analyze a peptide mixture obtained after tryptic digestion of
cytochrome c was carried out using the Poly3-coated capil-
lary. As can be seen in Fig. 4A, good separation of the pep-
tides was achieved in less than 4 min. However, absorbance
detection provides little structural information, and therefore,
on-line coupling with MS detection can provide peptide iden-
tification and increased selectivity. Thus, the usefulness and
compatibility of Poly3 coating was also tested in a CE-MS
platform, and good separation performance for both peptides
mixture (Fig. 4B and Supporting Information Table 3) and
basic proteins mixture (Fig. 4C) was obtained with no signal
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Figure 5. CE-MS analysis of lysozyme in
cheese: extracted ion electropherogram
from lysozyme and mass spectra are
given. Analytical conditions are indicated
in Fig. 4 and text.
suppression or contamination of the ion source (Supporting
Information Fig. 1).
3.4 CE-MS analysis of lysozyme in food samples
One of the most important applications of lysozyme in food
industry is the prevention of late blowing of cheeses by
inhibiting growth of Clostridium tyrobutyricum, as well as
a preservative in wine to control malolactic fermentation.
Lysozyme is a potential allergenic agent, and thus, it has to
be declared according to the allergen labeling instructions
of EU and FDA. The methods to detect lysozyme in foods
are mostly based on ELISA performed with various formats.
When compared to HPLC with fluorescence detection, it was
observed that ELISAwas prone to cheesematrix interferences
during the immunological reactions [42] giving rise to un-
derestimation of the lysozyme concentration. Specificity and
sensitivity of the analysis of lysozyme in cheese was improved
by using by SELDI-TOF-MS with weak cationic exchanger
chips [43] and by using immunocapture purification before
MALDI-TOF-MS analysis [35], in both cases at expenses
of cost per analysis. Recently, an LC-MS/MS method has
been developed for preservatives determination, including
lysozyme, in cheeses [44]. CE-MS has several advantages
over the LC-MS, in particular with regard to requirements
of sample and reagent volumes and separation efficien-
cies. Moreover, CE allows fast separation and is generally
not affected by many compounds that interfere with LC.
Feasibility of the use of poly-(TEDETAMA-co-HPMA) 50:50
copolymer-coating and CE-MS for the analysis of lysozyme
in cheese is shown in Fig. 5. As expected, migration time
shift of the lysozyme peak was observed due to a higher ionic
strength of the sample as a result of the high salt content of
the cheese extract (i.e. 1 M NaCl, 1 M NaOH, and 1 M HCl
were used for extraction). Additionally, the CE-MS method
leads to other information from cheese. Thus, some remain-
ing whey proteins as -lactalbumin and -lactoglobulins
were identified in the cheese. Moreover, a variety of peaks
with lower molecular masses (550–1200 Da) were detected,
most probably frompolypeptides derived from the proteolysis
during the ripening process (Supporting Information Fig. 2).
4 Concluding remarks
A series of polymers and copolymers carrying pendant den-
dronic triamines (TEDETAMA) have been synthesized and
used as effective capillary coating for the first time for the
separation of basic proteins. All these polymer coatings could
effectively reversed the EOF over a pH range of 2–10. Sta-
tistical incorporation of HPMA modulates the interaction
with the silica wall, reducing the anodal EOF. The separa-
tion performance can be tailored by adjusting the copolymer
composition. A statistical copolymer that incorporates both
components TEDETAMA and neutral HPMA at 50:50 molar
ratio gave best overall results in terms of protein separation
and analysis time for basic protein analysis, with high plate
numbers. The coating showed full compatibility with MS
detection, and standard mixture of basic proteins and pep-
tides was efficiently separated by using the capillary coated
with poly-(TEDETAMA-co-HPMA) 50:50 copolymer by CE-
MS. Although more in-depth evaluation of the applicability
of CE-MS using poly-(TEDETAMA-co-HPMA) 50:50 copoly-
mer coating is needed, the feasibility of the current approach
was shown by the analysis of lysozyme in commercial cheese
samples.
This work was supported by an AGL2011-29857-C03-01,
MAT2010-10001, and MAT2013-42957-R projects (Ministerio
de Educacion y Ciencia, Spain). J.A.R. and R.N. acknowledge
funding from the Spanish Research Council (CSIC) and Euro-
pean Social Fund (ESF) through the JAE program.
The authors have declared no conflict of interest.
C© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
Electrophoresis 2015, 36, 1564–1571 CE and CEC 1571
5 References
[1] Haselberg, R., de Jong, G. J., Somsen, G. W., J. Chro-
matogr. A 2007, 1159, 81–109.
[2] Haselberg, R., de Jong, G. J., Somsen, G. W., Elec-
trophoresis 2011, 32, 66–82.
[3] Haselberg, R., de Jong, G. J., Somsen, G. W.,
Electrophoresis 2013, 34, 99–112.
[4] Dolnı´k, V., Electrophoresis 2006, 27, 126–141.
[5] Dolnı´k, V., Electrophoresis 2008, 29, 143–156.
[6] Lucy, C. A., MacDonald, A. M., Gulcev, M. D., J. Chro-
matography A, 2008, 1184, 81–105.
[7] Garza, S., Chang, S., Moini, M., J. Chromatogr. A, 2007,
1159, 14–21
[8] Nguyen, A., Moini, M., Anal. Chem. 2008, 80, 7169–7173
[9] Gonza´lez, N., Elvira, C., San Roma´n, J., Cifuentes, A., J.
Chromatogr. A 2003, 1012, 95–101.
[10] Simo´, C., Rizzi, A., Barbas, C., Cifuentes, A., Elec-
trophoresis 2005, 26, 1432–1441.
[11] Bernal, J., Rodrı´guez-Meizoso, I., Elvira, C., Iba´n˜ez, E.,
Cifuentes, A., J. Chromatogr. A 2008, 1204, 104–109.
[12] Bernal, J., Sa´nchez-Herna´ndez, L., Elvira, C., Velasco, D.,
Iba´n˜ez, E., Cifuentes, A., J. Sep. Sci. 2009, 32, 605–612.
[13] Herrero, M., Bernal, J., Velasco, D., Elvira, C., Cifuentes,
A., J. Chromatogr A. 2010, 1217, 7586–7592.
[14] Huhn, C., Ramautar, R.,Wuhrer,M., Somsen,G.W.,Anal.
Bioanal. Chem. 2010, 396, 297–314
[15] Pattky, M., Huhn, C., Anal. Bioanal. Chem. 2013, 405,
225–237.
[16] Simo´, C., Elvira, C., Gonza´lez, N., San Roma´n, J., Barbas,
C., Cifuentes, A., Electrophoresis 2004, 25, 2056–2064
[17] Ongay, S., Neusu¨, C., Anal. Bioanal. Chem. 2010, 398,
845–855.
[18] Hardenborg, E., Zuberovic, A., Ullsten, S., So¨derberg, L.,
Heldin, E., Markides, K. E., J. Chromatography A, 2003,
1003, 217–221.
[19] Ullsten, S., Zuberovic, A., Wetterhall, M., Hardenborg,
E., Markides, K. E., Bergquist, J., Electrophoresis 2004,
25, 2090.
[20] Katayama, H., Ishihama, Y., Asakawa, N., Anal. Chem.
1998, 70, 5272–5277.
[21] Haselberg, R., de Jong, G. J., Somsen, G. W., J. Sep. Sci.
2009, 32, 2408–2415.
[22] Haselberg, R., van der Sneppen, L., Ariese, F., Ubachs,
W., Gooijer, C., de Jong, G. J., Somsen, G. W., Anal.
Chem. 2009, 81, 10172–10178.
[23] Haselberg, R., de Jong, G. J., Somsen, G.W.,Anal. Chim.
Acta 2010, 678, 128–134.
[24] Haselberg, R., de Jong, G. J., Somsen, G. W., J. Sep. Sci.
2009, 32, 2408–2415
[25] Haselberg, R., Brinks, V., Hawe, A., de Jong, G. J.,
Somsen, G. W., Anal. Bioanal. Chem. 2011, 400, 295–
303.
[26] Bayramoglu, G., Karagoz, B., Altintas, B., Arica, M. Y.,
Bicak, N., Bioprocess Biosyst. Eng. 2011, 34, 735–746.
[27] Bayramoglu, G., Karagoz, B., Yilmaz, M., Bicak, N., Arica,
M. Y., Bioresour. Technol. 2011, 102, 3653–3661.
[28] Shen, Y., Tang, H., Ding, S., Progress Polymer Sci. 2004,
29, 1053–1078.
[29] Matyjaszewski, K., Xia, J., Chem. Rev. 2001, 101,
2921–2990.
[30] Redondo, J. A., Martı´nez-Campos, E., Navarro, R., Rei-
necke, H., Elvira, C. , Lo´pez-Lacomba, J. L., Gallardo, A.,
Eur. J. Pharm. Biopharm. 2015, 93, 303–310.
[31] Redondo, J. A., Velasco, D., Pe´rez-Perrino, D., Reinecke,
H., Gallardo, A., Pandit, A. Elvira, C., Eur. J Pharm. Bio-
pharm. 2015, 90, 38–43.
[32] Redondo, J. F., Navarro, R., Martı´nez-Campos, E., Pe´rez-
Perrino, M., Parı´s, R., Lo´pez-Lacomba, J. L., Elvira, C.,
Reinecke, H., Gallardo, A., J. Polym. Sci. Polym. Chem.
2014, 52, 2297–2305.
[33] Ulbrich, K., Strohalm, J., Plocova, D., Jelinkova, M.,
Rihova, B., J. Control. Release 2000, 64, 63–69.
[34] Simo´, C., Cifuentes, A., Electrophoresis 2003, 24,
834–842.
[35] Schneider, N., Becker, C-M., Pischetsrieder, M., J. Chro-
matogr. B, 2010, 878, 201–206.
[36] Gallardo, A., Aguilar, M. R., Abraham, G., San Roma´n,
J., J. Chem. Educ. 2004, 81, 1210–1215.
[37] Kopecek, J., Bazilova, H. Eur. Poly. J. 1973, 9, 7–14.
[38] Coote, M., Davis, T. P., Prog. Polym. Sci. 1999, 24,
1217–1251.
[39] Matyjaszewski, K., Davis, T. P., Wiley, J., Handbook
of Radical Polymerization. Wiley-Interscience, Hoboken
2002.
[40] Tardajos, M. G., Garcı´a-Ferna´ndez, L., Reinecke, H.,
Aguilar, M. R., Gallardo, A., San Roma´n, J., J. Bioact.
Comp. Polym. 2012, 25, 453–466.
[41] Stalmach, A., Albalat, A., Mullen, W., Mischak, H., Elec-
trophoresis 2013, 34, 1452–1464.
[42] Kerkaert, B., Mestdagh, F., Meulenaer, B., Food Chem.
2010, 120, 580–584.
[43] Dragoni, I., Balzaretti, C., Rossini, S., Rossi, L., Dell’Orto,
V., Baldi, A., Food Anal. Methods 2011, 4, 233–239.
[44] Fuselli, F., Guarino, C., La Mantia, A., Longo, L., Faberi,
A., Marianella, R. M., J. Chromatogr. B 2012, 906, 9–18.
C© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
Supplementary information 
 
POTENTIAL OF PRO-DENDRONIC POLYAMINES WITH MODULATED SEGMENTAL CHARGE DENSITY AS 
NOVEL COATING FOR FAST AND EFFICIENT ANALYSIS OF PEPTIDES AND BASIC PROTEINS BY CAPILLARY 
ELECTROPHORESIS AND CAPILLARY ELECTROPHORESIS-MASS SPECTROMETRY  
Tanize Acunha, Clara Ibáñez, María Isabel Pascual Reguera, Mariagiovanna Sarò, Rodrigo Navarro, Juan 
Alfonso Redondo, Helmut Reinecke, Alberto Gallardo, Carolina Simó*, Alejandro Cifuentes 
 
Materials and Methods 
BGEs for EOF evaluation by CE-UV were: 1 M formic acid (adjusted to pH 1.9 with ammonium 
hydroxide), 100 mM acetic acid (adjusted to pH 3.9 with ammonium hydroxide), 35 mM ammonium 
acetate (adjusted to pH 4.8 with acetic acid), 25 mM ammonium formate (adjusted to pH 7.1 with 
ammonium hydroxide), 40 mM ammonium acetate (adjusted to pH 8.1 with ammonium hydroxide), and 
50 mM boric acid (adjusted to pH 10 with ammonium hydroxide). The pH was set to the desired value 
with either acetic acid or ammonia, while ionic strength was 40-45 mM. 
Lysozyme extraction from cheese: Cured sheep cheese was purchased from a local supermarket 
(Madrid, Spain) and subjected to lysozyme extraction [35]. Briefly, two grams of grounded cheese (using 
a CryoMill from Retsch GmbH, Haan, Germany) were mixed with 20 mL NaCl 1M (10 min at 30 Hz). 
Resulting solution was adjusted to pH 6.0 with NaOH 1M, and then maintained at 40°C for 30 minutes. 
After that, pH was adjusted to pH 4.3 with HCl 1M and filtered through a filter paper first and then 
through a 0.22 µm pore size filter (Symta, Spain). 
  
Table S1. Compositional and microstructural characteristics, and molecular weight of the four novel 
polymers evaluated in this study. FTEDETAMA=nominal feed molar fraction of the copolymers. fTEDETAMA= real 
copolymer molar fraction of the copolymers determined experimentally. Mn= average number 
molecular weight (Da). Microstructure is described by the theoretical cumulative molar fraction of triads 




Table S2. Repeatability for three different capillaries coated with Poly3 and three different days. 
Capillary 1, day 1        
  Migration time (min) 
Run Bovine Cyt C Equine Cyt C Lysozyme 
No. 1 3.52 3.75 3.88 
No. 2 3.56 3.81 3.95 
No. 3 3.54 3.78 3.92 
No. 4 3.54 3.78 3.92 
No. 5 3.53 3.78 3.92 
Mean 3.53 3.78 3.92 
SD 0.02 0.02 0.02 
% RSD 0.47 0.56 0.64 
 
Capillary 2,day 2       
  Migration time (min) 
Run Bovine Cyt C Equine Cyt C Lysozyme 
No. 1 3.28 3.46 3.56 
No. 2 3.23 3.41 3.51 
No. 3 3.22 3.43 3.50 
No. 4 3.23 3.42 3.52 
No. 5 3.20 3.38 3.48 
Mean 3.23 3.42 3.52 
SD 0.03 0.03 0.03 
% RSD 0.92 0.81 0.87 
 
Capillary 3, day 3       
  Migration time (min) 
 Run Bovine Cyt C Equine Cyt C Lysozyme 
No. 1 3.51 3.76 3.90 
No. 2 3.51 3.75 3.89 
No. 3 3.54 3.79 3.93 
No. 4 3.57 3.83 3.98 
No. 5 3.57 3.83 3.97 
Mean 3.54 3.79 3.93 
SD 0.03 0.04 0.04 
% RSD 0.83 0.95 1.05 
 
Inter-capillary/day       
 Migration time (min) 
 Bovine Cyt C Equine Cyt C Lysozyme 
Mean 3.44 3.66 3.79 
SD 0.15 0.18 0.20 
% RSD 4.41 4.91 5.35 
  
Table S3. Sequence assignment of the peaks shown in Figure 4B. 
Peak No. Assignment Experimental m/z Sequence 
Missed 
Cleavages 
1 [M+H]+ 748.4 (K)EETLMEYLENPK(K) 0 
2 [M+H]+ 964.5 (R)EDLIAYLK(K) 0 
3 [M+2H]+ 812.4 (K)EETLMEYLENPKK(Y) 1 
4 [M+2H]2+, [M+3H]3+ 1041.0, 694.4 (K)GITWKEETLMEYLENPK(K) 1 
5 [M+2H]2+, [M+3H]3+ 1105.1, 737.0 (K)GITWKEETLMEYLENPKK(Y) 2 




7 [M+2H]2+ 799.9 (R)KTGQAPGFTYTDANK(N) 1 
8 [M+2H]2+ 478.3 Not identified - 
9 [M+H]+ 779.5 MIFAGIK 0 
10 [M+H]+ 634.4 (K)IFVQK(C) 0 
11 [M+H]+ 604.4 (K)GITWK(E) 0 
12 [M+H]+ 584.8 (K)TGPNLHGLFGR(K) 0 
13 [M+2H]2+ 453.3 Acetyl-MGDVEKGK(K) 1 
14 [M+2H]2+ 403.7 (K)KYIPGTK(M) 1 
 
  
Figure S1. CE-MS electropherograms obtained using an uncoated and a Poly3-coated capillary. 
Electrophoretic separations were achieved using +20 kV (uncoated capillary) or -20 kV (Poly3-coated 
capillary). Spectra were acquired in the 800-2400 m/z range in the positive ion mode. Other CE-MS 
conditions are indicated in Section 2.3. TIEs are indicated in panel A. Representative mass spectra are 















Figure S2. CE-MS extracted ion electropherograms (A) of low molecular mass compounds and (B) of detected proteins in a cheese extract. Mass 












































































































































































































































































































3.3.4. Anionic metabolite profiling by capillary electrophoresis–
mass spectrometry using a noncovalent polymeric coating. 
Orange juice and wine as case studies 
Acunha, T., Simó, C., Ibáñez, C., Gallardo, A., Cifuentes, A. 
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In several  metabolomic  studies,  it has  already  been  demonstrated  that  capillary  electrophoresis  hyphen-
ated to mass  spectrometry  (CE–MS)  can detect  an  important  group  of  highly  polar  and ionized metabolites
that  are  overseen  by  techniques  such  as NMR,  LC–MS  and  GC–MS,  providing  complementary  information.
In  this  work,  we  present  a strategy  for anionic  metabolite  proﬁling  by  CE–MS  using  a cationic  capillary
coating.  The  polymer,  abbreviated  as  PTH,  is  composed  of  a poly-(N,N,N’,N’-tetraethyldiethylenetriamine,
N-(2-hydroxypropyl)  methacrylamide,  TEDETAMA-co-HPMA  (50:50)  copolymer.  A  CE–MS method  based






was  achieved  within  12  min,  with  high  separation  efﬁciency  (up  to 92,000  theoretical  plates  per  meter),
and  good  repeatability,  namely,  relative  standard  deviation  values  for migration  times  and  peak  areas
were  below  0.2  and  2.1%,  respectively.  The  optimized  method  allowed  the  detection  of  87 metabolites
in  orange  juice  and 142  metabolites  in red wine,  demonstrating  the  good  possibilities  of this strategy  for
metabolomic  applications.
© 2015  Elsevier  B.V.  All  rights  reserved.
ine
. Introduction
Among the different mass spectrometry (MS)-based approaches
sed in metabolomics, those that combine a physical/chemical sep-
ration/fractionation prior to MS  analysis are the most widely used.
hus, although at the expenses of less high-throughput perfor-
ance, hyphenation of high-resolution separation techniques and
S  is usually carried out in order to avoid sample matrix effects
hile revealing the metabolome of a biological system as much as
ossible. The majority of applications in the ﬁeld of metabolomics
ver the last years have used liquid chromatography–mass
pectrometry (LC–MS) and gas chromatography–mass spectrom-
try (GC–MS). However, ionized, highly polar and hydrophilic
ompounds are poorly retained in reversed-phase (RP) LC–MS.
ydrophilic interaction chromatography–MS (HILIC–MS) allows
roﬁling of polar compounds, providing complementary metabolic
nformation to RPLC, as has been previously demonstrated [1].
∗ Corresponding author.
E-mail address: c.simo@csic.es (C. Simó).
ttp://dx.doi.org/10.1016/j.chroma.2015.08.001
021-9673/© 2015 Elsevier B.V. All rights reserved.It should be mentioned that re-equilibration of HILIC columns is
slow particularly with gradient elution of mobile phases containing
buffers while resolution in HILIC is not as high as in RPLC. Capillary
electrophoresis–mass spectrometry (CE–MS) is considered a pow-
erful analytical tool for the analysis of charged and highly polar
metabolite species [2,3] that provides complementary information
to RPLC–MS and HILIC–MS [4–6]. Up to date, the number of appli-
cations involving the analysis of cationic metabolites and CE–MS in
positive ionization mode far exceeds the number of works involv-
ing anionic metabolite proﬁling [7]. This is mainly due to the fact
that in CE–MS the outlet of the capillary is not immersed in the
vial electrolyte, thus, by using a fused silica capillary and normal
polarity, the electroosmotic ﬂow (EOF) moves from the anode to the
cathode (where the MS  detector is located), and the CE electrical
current is stabilized. Additionally, rapid analysis with good reso-
lution is obtained since both EOF and the electrophoretic mobility
of cationic metabolites are toward the cathode (MS  detector). In
contrast, by using a fused silica capillary and reversed polarity for
anionic compounds analysis, the direction of the EOF is opposing to
the MS  detector, and thus, unstable electrical connection between
the tip of the capillary and the grounded electrospray needle, is
T. Acunha et al. / J. Chromatogr. A 1428 (2016) 326–335 327





























yolarity (+20 kV) in a bare silica capillary and positive ion ESI–MS mode. Sheath liqu
n  Section 2.4.
ypically observed [8]. However, obtaining metabolome informa-
ion as complete as possible requires the combination of several
ethodologies, inherent to the highly diverse chemical structure of
etabolites. For anionic metabolites, CE under alkaline background
lectrolyte (BGE) conditions has been demonstrated to be a useful
pproach when no MS  detection is carried out. When alkaline BGEs
re used, low signals were observed for anionic test mixtures [9].
roﬁling of anionic compounds for metabolomic applications has
een achieved by pressure assisted CE using fused-silica [10], inert
olymer capillaries [8] or non-charged polymer inner surface coat-
ng [11]. On the other hand, since the very ﬁrst work by Tsuda [12]
ho described the use of the cationic surfactant cetyltrimethylam-
onium bromide (CTAB) added to the separation buffer to reverse
he EOF, a variety of cationic surfactant additives have been devel-
ped. However, this procedure should generally be avoided when
orking with MS  detection since these surfactants suppress sample
onization and contaminate the ion source. An interesting strat-
gy in CE to reverse the EOF toward the anode (the MS  direction
hen working in reversed polarity), to prevent current drops, is
he use of physically adsorbed coating materials. Following this
trategy, just by rinsing the capillary with a solution containing
he coating agent, the coated capillary can be easily prepared. In
his work a polymer bearing a dendronic triamine derived from
,N,N’,N’-tetraethyldiethylenetriamine (TEDETA) moiety, which is
inked to a unit through a spacer, (unit labeled as TEDETAMA), was
opolymerized together with neutral hydrosoluble units of hydrox-
propylmethacrylamide (HPMA) at a 50:50 molar percentage. Thisropanol–water (50:50, v/v) at 0.24 mL/h. Other analytical conditions are described
copolymer is tested for the ﬁrst time as a robust coating to reverse
EOF for anionic metabolite proﬁling by CE–MS. The feasibility of
the polymer-coated capillary approach was corroborated via the
analysis of anionic metabolites of complex samples such as orange
juice and red wine.
2. Materials and methods
2.1. Chemicals
All chemicals were of analytical reagent grade and used as
received. Standard metabolites were from Sigma–Aldrich (St. Louis,
MO,  USA). All reagents and solvents employed in the preparation
of CE electrolytes and sheath liquids were of MS  grade: methanol
and 2-propanol were from Sigma–Aldrich (St. Louis, MO,  USA).
Ammonium hydroxide, formic acid and acetic acid were from Fluka
(Buchs, Switzerland). Ammonium acetate, ammonium formate and
boric acid were purchased from Merck (Darmstad, Germany). The
distilled water was  deionized using a Milli-Q system from Milli-
pore (Bedford, MA,  USA). An aqueous solution containing 0.1 M of
sodium hydroxide, from Panreac Quimica S.A. (Barcelona, Spain)
was used to rinse the capillary.2.2. Metabolite test mixtures and sample preparation
Cationic metabolite-rich mixture (CRM) was  com-
posed of 0.5 mM of: l-carnosine, l-anserine, l-ornithine,
























(Fig. 2. CE–ESI–TOF MS  EIEs of ARM analyzed in nega
-lysine, l-creatinine, alanine, -alanine, sarcosine, l-arginine,
-hydroxylysine, l-histidine, 1-methyl-l-histidine, 3-methyl-
-histidine, -amino-n-butyric acid, -aminoisobutyric acid,
-amino-n-butyric acid, homocystine, valine, serine, cystathion-
ne, leucine, isoleucine, threonine, methionine, proline, tryptophan,
lutamic acid, citrulline, phenylalanine, cystine, tyrosine, aspartic
cid and hydroxy-l-proline. The anionic metabolite-rich mixture
ARM) consisted of the following compounds: 0.3 mM adenosine
riphosphate (ATP), 7.8 mM nicotinic acid, 0.5 mM glutamic acid,
.0 mM aspartic acid, 0.3 mM glutathione oxidized, 0.6 mM glu-
athione reduced, 2.7 mM iminodiacetic acid, 0.2 mM adenosine
onophosphate (AMP), 0.2 mM panthotenic acid, 1.4 mM succinic
cid, 0.1 mM gluconic acid, 0.4 mM hippuric acid, 0.3 mM malic
cid, 0.2 mM citric acid, 0.2 mM tartaric acid, and 2.8 mM 1,4 piper-
zinediethanesulfonic acid (PIPES). Orange juice was  prepared in
he laboratory from fresh oranges (C. sinensis) and ﬁltered through
.2 m polyethersulfone ﬁlter before CE–MS injection to remove
ossible particles from the liquid matrix. A young red wine (Pinot
oir, vintage 2010) was similarly ﬁltered before CE–MS analysis.
.3. Polymer synthesis and capillary coatingThe coating material used in this work is based in linear poly-
eric chains bearing as side cationizable moiety a dendronic
riamine derived from N,N,N’,N’-tetraethyldiethylenetriamine
TEDETA), which is linked to the backbone through a spacer (unitn ESI–MS mode. Other CE–MS conditions as in Fig. 1.
labeled as TEDETAMA). The copolymer, abbreviated as PTH, ran-
domly incorporates TEDETAMA together with neutral hydrosoluble
units of N-(2-hydroxypropyl) methacrylamide (HPMA) at a molar
percentage of 50%. The copolymerizations were carried out by
conventional free radical polymerization as described elsewhere
[13]. Brieﬂy, the reaction was  performed at 60 ◦C, using AIBN
([I] = 1.5 × 10−2 M)  as the radical initiator and a monomer concen-
tration of 1 M using DMF  as solvent. All solutions were carefully
degassed using dried nitrogen ﬂow to remove all the oxygen traces.
After 24 h, the obtained polymers were dialyzed in distilled water,
using dialysis membranes Spectra/Por® (Spectrum Laboratories
Inc., Rancho Dominguez, CA, USA) with a molecular weight cut
off of 3.5 kDa, and freeze dried. The composition and molecular
weight of the polymers were determined respectively by 1H NMR
spectroscopy and size exclusion chromatography [13]. Coating pro-
cedure consisted of ﬂushing the fused-silica capillary with 1 mg/mL
of PTH solution for 20 min. Silica capillary was  washed between
runs with 0.1 mg/mL  PTH solution for 4 min  and separation buffer
for 3 min.
2.4. CE–ESI–TOF MS  conditionsCE analyses were carried out in a P/ACE 5500 CE apparatus
from Beckman Instruments (Fullerton, CA, USA). Bare fused-silica
capillaries of 50 m id were purchased from Composite Metal Ser-
vices (Worcester, UK). Between runs, silica capillary was washed























sig. 3. CE–ESI–TOF MS EIEs of ARM analyzed at reverse CE polarity (−20 kV), PTH-c
ith 0.1 mg/mL  PTH for 4 min  and separation buffer for 3 min. Injec-
ions were made using N2 pressure at 0.5 psi (34.5 mbar) for 80 s.
he electrophoretic separation was achieved using different run-
ing voltages (+20 or −20 kV) at a constant temperature of 25 ◦C
ith different background electrolytes (BGEs). Acidic BGEs were
repared from 1 M formic acid (pH 1.8). When required, pH was
ncreased to pH 2.0, 2.2, 2.4 and 2.6 with ammonium hydroxide.
n the other hand, BGEs with higher pH were prepared as follows:
5 mM ammonium acetate (adjusted to pH 5.0 with acetic acid),
5 mM ammonium formate (adjusted to pH 7.0 with ammonium
ydroxide), 40 mM ammonium acetate (adjusted to pH 8.0 with
mmonium hydroxide), and 50 mM boric acid (adjusted to pH 10
ith ammonium hydroxide).
The instrument was controlled by a PC running the System Gold
oftware from Beckman. The capillaries were coupled on-line to
he TOF MS  instrument through an orthogonal ESI interface model
1607 A from Agilent Technologies (Palo Alto, CA, USA). Electri-
al contact at the electrospray needle tip was established via a
heath liquid delivered at a ﬂow rate of 0.24 mL/h by a 74900-00-
5 Cole Palmer syringe pump (Vernon Hills, IL, USA). A TOF–MS
nstrument (micrOTOF) from Bruker Daltonics (Bremen, Germany)
as employed. The mass spectrometer operated with the ESI
ource working in the positive or negative ionization mode. The capillary and negative ion ESI–MS mode. Other CE–MS conditions as in Fig. 2.
nebulizer and drying gas conditions were 0.4 bar N2 and 4 L/min N2,
respectively, maintaining the ESI chamber at 200 ◦C. The micrOTOF
was operated to acquire spectra in the m/z range of 50–650 every
90 ms.  External and internal calibration of the TOF MS  instrument
was performed by introducing a 5 mM sodium formate solution
through the separation capillary. Masses for the calibration of
the TOF MS  instrument were next: 90.9766, 158.9641, 226.9515,
294.9389, 362.9263, 430.9138, 498.9012 and 566.8886 m/z in
positive ion mode and 180.973, 248.9594, 316.9479, 384.9353,
452.9227, 520.9102 m/z in negative ion mode. The instrument was
controlled by a PC running the micrOTOF control software from
Bruker Daltonics.
3. Results and discussion
3.1. Selecting CE–MS conditions for metabolic proﬁling
The combination of CE–MS with acidic buffers and ESI–MS
in positive ionization mode has been demonstrated to exhibit
excellent performance for the analysis of cationic metabolites
[6,14]. One of the beneﬁts of using CE–MS for cationic metabo-
lites (e.g., amino/derived compounds) is the possibility to carry out
a direct and sensitive analysis of these compounds without any
330 T. Acunha et al. / J. Chromatogr. A 1428 (2016) 326–335
Fig. 4. CE–ESI–TOF MS  EIEs of ARM separated using 1 M formic acid (pH 1.8, 2.0, 2.2, 2.4, 2.6) as BGEs at reverse CE polarity (−20 kV) in PTH-coated capillary and negative
ion  ESI–MS mode. Other analytical conditions as in Fig. 3. Peaks: (1) ATP, (2) PIPES, (3) tartaric acid, (4) citric acid, (5) malic acid, (6) hippuric acid, (7) gluconic acid, (8)
iminodiacetic acid, (9) succinic acid, (10) pantothenic acid, (11) adenosine monophosphate, (12) glutathione, (13) glutathione oxidized, (14) aspartic acid, (15) glutamic acid
and  (16) nicotinic acid.
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erivatization step. As can be seen in Fig. S1 (supplementary mate-
ial), good selectivity in less than 12 min  was obtained for the
ationic metabolite-rich mixture (CRM) under these conditions. To
valuate the capability of this method for anions analysis, typical
E–MS separation conditions for cationic metabolites were used
nd a test mix  of 16 anionic metabolite-rich mixture (ARM) was
njected. The obtained electropherograms are shown in Fig. 1. 10
ut of 16 metabolites from ARM were observed. Although anionic
ompounds tend to migrate toward the inlet capillary tip (anode), it
as possible to detect them as they were pushed toward the cap-
llary outlet (cathode) by the small EOF generated together with
ome additional low siphoning typically taking place in the ESI
nterface [15]. As expected, compounds having only acidic groups
n their structure (namely, succinic acid, gluconic acid, malic acid,
itric acid and tartaric acid) were not detected by using MS  in posi-
ive ion mode. Although the method was initially optimized for the
eparation of cationic metabolites, it allowed the detection of acidic
etabolites by changing to negative ESI MS  polarity (Fig. 2). Under
hese conditions ARM analysis was achieved in ca. 35 min. As can
e observed, 15 out of 16 metabolites from ARM were detected.
t is important to emphasize that with this method it is impos-
ible to detect all anionic metabolites because faster migrating
nionic metabolites with electrophoretic mobilities opposite and
arger than the EOF do not reach the MS.  Indeed, under these con-
itions, ATP was not detected in less than 40 min. It is expected that
n a real sample with hundreds of anionic metabolites, this unfa-
orable situation is ampliﬁed. To reduce excessively long analysis
imes, pressure from the capillary inlet can be applied, but this can
ause peak broadening because of the generated parabolic proﬁle
rom the hydrodynamic ﬂow. On the other hand, it is already well-
nown that analysis of anionic metabolites by CE–MS reversing
he CE polarity (negative mode), where the inlet of the separa-
ion capillary is at the cathode and the outlet at the anode, creates
lectrical current instability at the capillary exit due to the EOF
ovement toward the cathode. With the aim to detect as many
nionic metabolites as possible and to reduce overall analysis time
f anionic metabolites, reversing the direction of the EOF from cath-
de to anode with a cationic polymer coating was  next investigated.
.2. PTH-coated capillary for anionic metabolite proﬁling
The compatibility of poly-(TEDETAMA-co-HPMA) with different
ominal molar percentages of TEDETAMA with CE–UV and CE–MS
or the analysis of basic proteins has been previously studied by
ur group [16], and it exhibited durability and good chemical sta-
ility without ESI source contamination. In a previous work [16],
.1 mg/mL  polymer solution was left to stand overnight inside the
apillary and reproducible anodic EOF was achieved. However, in
rder to reduce to overall coating procedure, this step was  slightly
odiﬁed in the present work. Thus, ﬂushing the capillary with
 mg/mL  of PTH solution for 20 min  gave identical results in terms of
eproducibility and stability of the coating. According to the molec-
lar structure of the PTH copolymer (Fig. S2), the EOF obtained for
he bare fused-silica showed a dependence on the BGE pH (Fig.
3). The PTH-coated capillary showed an anodal EOF at low and
ntermediate pH values, while a nearly zero EOF was  observed at
unning buffers above 9. At pH values higher than 9, the global
lectrical charge onto the capillary wall is zero, bringing no EOF.
onsequently, when using CE–MS in reversed polarity (the inlet
f the capillary is at the cathode and the outlet at the anode), at
ow and intermediate pH values an EOF toward the MS detector is
enerated. Taking advantage of the stronger anodal EOF at low and
ntermediate pH values, anionic metabolites test mix  (ARM) was
nalyzed by using a BGE with low pH, reversed polarity and with
he ESI source in the negative ion mode (Fig. 3). When compared to
revious analysis conditions using a bare silica capillary (Fig. 2), theFig. 5. CE–ESI–TOF MS base peak electropherogram (BPE) of metabolites in orange
juice and red wine. CE–ESI–TOF MS  conditions as in Fig. 4.
use of PTH-coated capillary showed signiﬁcant advantages in terms
of time of analysis. ATP, which was  not detected using an uncoated
capillary (Fig. 2) was observed to be the fastest eluted metabolite
using the cationic PTH coating (Fig. 3). It was  also observed that
no peak broadening was  produced due to interactions of anionic
compounds with the positively charged capillary wall.
Observing the EOF plot at different pHs when a PTH-coated cap-
illary is employed (Fig. S3), optimization of the BGE pH appears
particularly interesting for anionic metabolite analysis by CE–MS.
Hence, the effect of the pH was studied over the range 1.8–10
(namely, 1.8, 5, 7, 8, and 10 pH values). Results showed that increas-
ing pH did not improve metabolite separation (data not shown).
However, when pH was  studied in a narrower range (from pH 1.8
to 2.6) slight improvement in resolution of ARM was  observed;
even following small pH changes, mobilities of anionic compounds
varied signiﬁcantly. This result can easily be explained based on
the proximity of pKa values of the acidic groups to the pH of the
BGE. In Fig. 4, it can be observed that a slightly better separation
was obtained when the separation was carried out with 1 M formic
acid at pH 2.4. Also, the overall peak intensities of all metabolites
appear to be similar in the pH range studied. The composition of
the BGE was also modiﬁed adding an organic modiﬁer in order to
investigate its effect on CE selectivity (through variations on BGE,
dielectric constant, and viscosity). The addition of methanol to BGE
(up to 20%) did not improve the separation of metabolites, and thus,
it was  discarded for further experiments.
The reproducibility was  evaluated on the basis of the relative
standard deviation (%RSD) of the migration time and peak area,
obtained from three replicate analyses and for ﬁve representative
compounds from ARM for the same day and three different days
(Table S1). The intra-assay and inter-assay precision for peak migra-
tion times was <0.1% and 0.6%, respectively. The intra-assay and
inter-assay precision for peak area was <0.5% and 7.3%, respectively.
The theoretical LOD calculated by a 3-fold-signal-to-noise ratio for
these metabolites ranged from 0.1 to 16.4 ppm and the LOQ was
in the range of 0.3 to 54.6 ppm. On the other hand, plate numbers
were up to 92,000 per meter. These results show that by using this
coating a fast anionic metabolite analysis with good reproducibility
can be obtained.
3.3. Anionic metabolite proﬁling of food samples by CE–MSFood matrices are very complex matrices consisting of hun-
dreds/thousands of compounds (nutrients and non-nutrients) in a
wide dynamic range of concentrations. The application of metabo-
lite proﬁling offers enormous opportunities to obtain precious






iig. 6. CE–ESI–TOF MS  EIEs of metabolites detected in orange juice using 1 M formi
SI–MS  mode. Other analytical conditions as in Fig. 5.etailed information that can be directly correlated to food qual-
ty, safety, and other features related to food processing, storage,
uthenticity assessment, etc. [17,18]. The majority of applications
n the ﬁeld of food metabolomics over the past years have used (pH 2.4) as BGE at reverse CE polarity (−20 kV) in coated capillary and negative ionLC–MS and GC–MS, and in a less extent, CE–MS approaches [19,20].
However CE–MS has demonstrated to be a very useful and comple-
mentary analytical tool in food metabolomics [2,19]. In this work,
we have selected as case studies the untargeted analysis of orange












MFig. 7. CE–ESI–TOF MS EIEs of metabolites de
uice and wine metabolites to demonstrate the capabilities of this
ethod for metabolite proﬁling. Samples were just ﬁltered prior to
heir CE–MS analysis.
CE–MS anionic metabolite proﬁle from orange juice is repre-
ented in Fig. 5. After peak detection, ﬁltering and peak grouping,
7 metabolites were detected in orange juice. The extracted ion
lectropherograms (EIEs) of detected metabolites are represented
n Fig. 6. The elemental formula estimation was carried out with
he use of accurate single MS  mass of parent ion and isotopic
roﬁle. Online chemical databases were queried by molecular
ormula or accurate mass to search for metabolites: the Human
etabolome Database (HMDB, www.hmdb.ca), Food Database in wine. Same CE–MS conditions as in Fig. 5.
(FooDB, www.foodb.ca), Metlin (http://metlin.scripps.edu/). Of  the
various compound hits obtained, those metabolites whose pres-
ence was probable in fruit juices were chosen. Data corresponding
to the detected compounds are summarized in Table S2. Sugars,
amino acids, organic acids, and other metabolites were found as
can be seen in this table. Some identiﬁcations were corroborated
by co-injection with standards. Main observed metabolite signals
under these analytical conditions were organic acids. Organic acids
in citrus are important compounds for fruit ﬂavor, nutritional qual-
ity and freshness, and they are affected by factors including fruit
size, juice content, organic acid synthesis, transport, storage, among







































































analysis of peptides and basic proteins by capillary electrophoresis and capil-34 T. Acunha et al. / J. Chrom
een focused on the analysis by LC–MS of most abundant organic
cids in orange juices [21,22]. With the present CE–MS method
t was observed that predominant organic acids were citric, malic
nd ascorbic acids (see Fig. S4). However, other organic acids, such
s, phosphoglyceric acid, oxoglutaric acid, aconitic acid, tartaric
cid, pyruvic acid, citramalic acid, lactic acid, ascorbalamic acid, 2-
ethylcitric acid, hydroxypyruvic acid, ribonic acid, gluconic acid,
ehydroascorbic acid, succinic acid, pantothenic acid, methylglu-
aconic acid, glutaric acid and glucoheptenoic acid, were detected.
ugars were also important signals in the analyzed orange juice.
mong them, sucrose, glucose and fructose were observed to be
he most abundant signals. More than 20 amino acids were also
bserved. Major signals were from aspartic acid, glutamic acid,
roline, asparagine and arginine. The amino acid composition of
resh orange juice changes by technological treatments, and thus,
he study of the amino acid proﬁle of the processed juice is a key
lement to conﬁrm its nutritional value and freshness. Moreover,
mino acids are precursors of aromatic substances, and conse-
uently, they are important factors in ﬂavor and taste.
CE–MS anionic metabolite proﬁle from red wine is also rep-
esented in Fig. 5. After data processing, 142 metabolites were
etected in wine. CE–MS EIEs of detected metabolites are repre-
ented in Fig. 7. As occurred with orange juice, an important group
f organic acids were observed. The content of organic acids gives
lso a characteristic taste to wines [23]. They have a major role on
he evolution of the acidity during the different steps of the wine-
aking process. Predominant signal was from tartaric acid, one of
he major components of wines and the main acid responsible for
ine acidity. An important group of organic acids was  tentatively
dentiﬁed. Among them, citric acid, malic acid, galactaric acid, suc-
inic acid, gluconic acid, citraconic acid, glutaconic acid, citramalic
cid, and 2-hydroxyglutaric acid, among others (see Table S3 for
ore details), were detected. When compared to HILIC–MS [24]
nd C18/LC–MS [25], complementary information can be obtained
ith the presented CE–MS. Phenolic compounds are also very
bundant metabolites in foods of plant origin [26]. They are of
reat importance in wine since they are also closely related to
ts quality and organoleptic properties [27]. Moreover, interest in
henolic compounds has been increasing due to compelling evi-
ence of their promoting health effects through the prevention
f several diseases [28]. Among phenolic acids, hydroxybenzoic
cids, such as gallic acid, galacturonic acid, syringic acid, gen-
isic acid and p-hydroxybenzoic acid; and the hydroxycinnamic
cids, p-coumaric acid, caffeic acid, caftaric acid, coutaric acid and
ertaric acid were detected. In wine, these compounds are also
recursors of volatile phenols that greatly inﬂuence its aroma.
roanthocyanidins catechin and gallocatechin were also detected
nder the current analytical conditions. Proanthocyanidin B-type
imers, which contain monomeric units of catechin and/or epicat-
chin, were detected too. Weaker signals from pigments, such as
yricetin, quercetin, malvidin-3-glucoside, quercetin-3-glucoside,
uercetin 3-O-glucuronide were also observed in good agreement
ith previous results obtained by LC–MS [29].
. Conclusions
A new CE–MS method that employs a polymeric dynamic coat-
ng material has been presented in this work for simple, selective,
nd reproducible anionic metabolites proﬁling. The coating is gen-
rated in an automatic and straightforward procedure by simply
ushing the capillary with PTH solution between runs, without its
ddition into the BGE. This polymeric coating has been applied for
he ﬁrst time for anionic metabolite proﬁling. The reproducibility
f the method enables a reliable comparison of metabolite proﬁles
nd facilitates peak alignment when a large number of samples
ave to be analyzed. The feasibility of the CE–MS method was
[. A 1428 (2016) 326–335
demonstrated by the analysis of anionic metabolites in orange juice
and wine providing a more complete coverage of the complex com-
position of these products, which moreover is complementary to
the information provided by other analytical techniques.
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ANIONIC METABOLITE PROFILING BY CAPILLARY ELECTROPHORESIS-MASS 
SPECTROMETRY USING A NOVEL NONCOVALENT POLYMERIC COATING. ORANGE 
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Figure S1. CE-ESI-TOF MS EIEs of a cationic test mix (CTM) separated using 1 M formic acid 
(pH 1.8) as BGE at normal CE polarity (+20 kV) in a bare silica capillary and positive ion ESI-MS 




Figure S2. Generic structure of the polymeric family studied in this work (TEDETAMA has been 





Figure S3. Electroosmotic mobility as function of pH using a bare silica capillary and a 
capillary coated with Poly (TEDETAMA-co-HPMA) 50:50. BGEs conditions: 1 M formic 
acid (adjusted to pH 1.9 with ammonium hydroxide), 100 mM acetic acid (adjusted to pH 
3.9 with ammonium hydroxide), 35 mM ammonium acetate (adjusted to pH 4.8 with acetic 
acid), 25 mM ammonium formate (adjusted to pH 7.1 with ammonium hydroxide), 40 mM 
ammonium acetate (adjusted to pH 8.1 with ammonium hydroxide), and 50 mM boric acid 
(adjusted to pH 10 with ammonium hydroxide). CE-UV conditions: Silica capillaries of 50 
µm ID, 30/37 cm of detection/total length, running voltages (+20, -20 kV), and detection 






Figure S4. CE-ESI-TOF MS extracted ion electropherograms (EIEs) of organic acids identified in 





Table S1. % RSD values of the migration time and peak area intra- and inter-day, limit of detection 
















%RSD Peak area 
Intra-day (n=3) 
0.5 2.0 2.0 1.3 2.0 
%RSD Peak area 
Inter-day (n=9) 
5.3 7.3 6.5 4.7 4.4 
%RSD Migration 
time intra-day (n=3) 
0.1 0.1 0.1 0.1 0.1 
%RSD Migration 
time inter-day (n=9) 
0.4 0.5 0.6 0.6 0.6 
LOD (ppm) 16.4 0.2 0.1 0.3 1.7 
LOQ (ppm) 54.6 0.6 0.3 1.0 5.8 
















1 96.9594 4.43 [M-H]- N/A  N/A    
2 338.9894 6.06 [M-H]- N/A  N/A    









mannosamine,   
Uridine diphosphate-N-
acetylglucosamine 




















Mannose 1-phosphate; etc. 









sn-glycerol 3-phosphate;   
2-(alpha-D-Galactosyl)-sn-
glycerol 3-phosphate 
10 173.0097 7.21 [M-H]- C6H6O6 3 Aconitic acid Organic acids Dehydroascorbic acid 
11 421.0749 7.34 [M-H]- C12H23O14P 0 N/A    
12 203.0189 7.94 [M-H]- C7H8O7 4 N/A    
13 149.0099 8.30 [M-H]- C4H6O6 4 Tartaric acid a Organic acids   
14 237.0607 8.36 [M-H]- C8H14O8 3 N/A    
15 313.0566 8.36 [M-H]- C13H14O9 0 N/A    














19 191.0193 8.52 [M-H]- C6H8O7 2 Citric acid a Organic acids   
20 627.9858 8.54 [M-H]- N/A  N/A    

















23 385.0777 8.64 [M-H]- C16H18O11 0 O-Feruloylgalactarate Carbohydrates   
24 313.0565 8.67 [M-H]- C13H14O9 0 N/A    
25 353.0727 8.73 [M-H]- N/A  N/A    
26 89.0225 8.75 [M-H]- N/A  N/A   
27 133.0153 8.75 [M-H]- C4H6O5 7 Malic acid a Organic acids  
28 209.0293 8.77 [M-H]- C6H10O8 4 Citric acid monohydrate Organic acids 
Galactaric acid; D-
Glucarate 
29 447.0981 8.86 [M-H]- N/A  N/A    
30 223.0445 8.87 [M-H]- N/A  N/A    
31 158.0469 8.89 [M-H]- C6H9NO4  N/A    
32 525.1204 8.89 [M-H]- N/A  N/A    
33 262.0557 8.90 [M-H]- C9H13NO8 4 Ascorbalamic acid Amino acids   
34 142.0514 8.92 [M-H]- C6H9NO3 6 Vinylacetylglycine Amino acids   





36 399.0928 8.93 [M-H]- N/A  N/A   
37 290.9810 8.94 [M-H]- N/A  N/A    
38 397.0992 8.94 [M-H]- N/A  N/A    
39 383.1198 8.95 [M-H]- C14H24O12 0 Acetyl-maltose Carbohydrates   
40 103.0040 8.95 [M-H]- C3H4O4 3 Hydroxypyruvic acid Organic acids 
Malonic acid; Tartronate 
semialdehyde 
41 165.0409 8.95 [M-H]- C5H10O6 2 Ribonic acid Organic acids 





42 192.0560 8.95 [M-H]- N/A  N/A    
43 295.0684 8.98 [M-H]- N/A  N/A    
44 195.0505 9.01 [M-H]- C6H12O7 2 Gluconic acid a Organic acids   
45 149.0462 9.03 [M-H]- C5H10O5 4 Ribose Carbohydrates 
Ribulose; Xylose; Lyxose; 
Arabinose; etc. 
46 173.0102 9.06 [M-H]- C6H6O6 5 Dehydroascorbic acid Organic acids Aconitic acid 
47 293.1247 9.06 [M-H]- C12H22O8 1 N/A    
48 515.1268 9.11 [M-H]- N/A  N/A    
49 117.0222 9.12 [M-H]- C4H6O4 7 Succinic acid a  Organic acids  




51 517.1406 9.16 [M-H]- N/A  N/A   
52 387.1151 9.42 [M-H]- C12H25N2O10P 5 
Fructoselysine 6-
phosphate 
Carbohydrates   
53 218.1012 9.26 [M-H]- C9H17NO5 10 Pantothenic acid a Organic acids   
54 497.3338 9.29 [M-H]- N/A  N/A    
55 143.0357 9.37 [M-H]- C6H8O4 5 Methylglutaconic acid Organic acids 
trans-2-Hexenedioic acid; 




lactone; Maleic acid 
homopolymer 
56 161.0457 9.39 [M-H]- C6H10O5 0 N/A    
57 269.0900 9.39 [M-H]- C10H14N4O5 3 Histidinyl-Aspartate Amino acids Aspartyl-Histidine 






Acetolactic acid; etc. 
59 209.0654 9.40 [M-H]- C7H14O7 3 N/A    
60 225.0603 9.41 [M-H]- C7H14O8 3 Glucoheptonic acid Organic acids   
61 179.0559 9.41 [M-H]- C6H12O6 1 Fructose Carbohydrates 
Glusose; Mannose; 
Galactose; myo-Inositol; 
Allose; Sorbose; etc  









64 306.0759 10.65 [M-H]- C10H17N3O6S 2 Glutathione a Amino acids   
65 204.0871 11.03 [M-H]- C8H15NO5 3 N/A    
66 88.0390 11.41 [M-H]- C3H7NO2 15 Alanine Amino acids 
Sarcosine; Nitropropane; 
Lactamide; Urethane 
67 132.0314 11.43 [M-H]- C4H7NO4 10 Aspartic acid a Amino acids   






69 346.0115 12.19 [M-H]- N/A  N/A    




Dimethylglycine;   
N-Methyl-L-alanine; etc. 
71 146.0473 12.21 [M-H]- C5H9NO4  Glutamic acid a Amino acids   
















74 203.0822 12.47 [M-H]- C11H12N2O2 0 Tryptophan Amino acids 
3-
Hydroxymethylantipyrine 
75 145.0633 12.53 [M-H]- C5H10N2O3 9 Glutamine Amino acids 
Gly-Ala; Ala-Gly; 
Isoglutamine  





77 285.0822 12.82 [M-H]- N/A  N/A   
78 420.0229 12.83 [M-H]- N/A  N/A    







80 104.0362 13.50 [M-H]- C3H7NO3 8 Serine Amino acids 
2-Amino-3-
hydroxypropanoic acid 






82 283.2653 14.17 [M-H]- C18H36O2 3 N/A    
83 130.0626 14.32 [M-H]- C4H9N3O2 2 Guanidinopropionic acid a Amino acids   




85 173.1052 14.44 [M-H]- C6H14N4O2 4 Arginine Amino acids   
86 158.9801 14.68 [M-H]- N/A  N/A   
87 174.9568 14.78 [M-H]- N/A  N/A   
a
 Identification confirmed through co-injection of  standards with the sample. 
  















1 216.9116 4.56 [M-H]- N/A  N/A N/A   
2 96.9584 4.59 [M-H]- N/A  N/A N/A   
3 247.8412 4.61 [M-H]- N/A  N/A N/A   
4 116.9282 4.63 [M-H]- N/A  N/A N/A   
5 124.9917 5.51 [M-H]- C2H6O4S 2 Ethyl hydrogen sulfate Organic acid   
6 208.9790 5.61 [M-H]- N/A  N/A N/A   
7 124.9909 5.75 [M-H]- C2H6O4S 5 N/A N/A Ethyl hydrogen sulfate 
8 170.9953 6.12 [M-H]- C6H4O6 10 N/A N/A 
 
9 152.9923 6.17 [M-H]- N/A 
 
N/A N/A   
10 125.0013 6.65 [M-H]- C2H7O4P 3 N/A N/A   
11 259.0142 6.68 [M-H]- C6H12O9S 5 Glucose 6-sulfate Carbohydrate Galactose 6-sulfate 
12 243.0195 6.72 [M-H]- N/A 
 
N/A N/A   
13 199.0405 6.83 [M-H]- C12H8O3 2 N/A N/A   
14 171.0056 6.87 [M-H]- C3H9O6P 5 Glycerol 3-phosphate Organic acid Glycerophosphoric acid 




Organic acid   
16 153.0206 6.98 [M-H]- C7H6O4 8 
3,5-Dihydroxybenzoic 
acid 
Organic acid 2,6-Dihydroxybenzoic acid  
17 245.0450 6.99 [M-H]- N/A 6 N/A N/A   
18 343.0180 7.00 [M-H]- N/A 
 
N/A N/A   
19 412.8810 7.03 [M-H]- N/A 
 
N/A N/A   
20 196.9041 7.04 [M-H]- N/A 
 
N/A N/A   
21 292.9229 7.05 [M-H]- N/A 
 
N/A N/A   
22 317.0529 7.06 [M-H]- N/A 
 
N/A N/A   
23 189.0049 7.07 [M-H]- C6H6O7 4 Oxalosuccinic acid Organic acid   
24 242.9927 7.14 [M-H]- N/A 
 
N/A N/A   
25 357.0767 7.15 [M-H]- C22H14O5 1 
5,7-Dihydroxyflavone 7-
benzoate 
Phenolic compound   
26 287.0535 7.18 [M-H]- C10H12N2O8 5 Orotidine Nucleoside   






28 199.9696 7.2 [M-H]- C3H7NO5S2 1 Cysteine-S-sulfate Amino Acid   
29 419.0464 7.24 [M-H]- N/A 
 
N/A N/A   
30 230.0126 7.29 [M-H]- C8H9NO5S 1 
Benzeneacetamide-4-O-
sulphate 
Organic compound   




Alcohols   
32 359.0579 7.34 [M-H]- N/A 
 
N/A N/A   
33 369.0265 7.37 [M-H]- N/A 
 
N/A N/A   
34 397.0229 7.55 [M-H]- N/A 
 
N/A N/A   
35 427.0323 7.6 [M-H]- N/A 
 
N/A N/A   






37 561.0892 7.7 [M-H]- C17H28N2O15P2 0 N/A N/A   
38 390.9956 7.72 [M-H]- N/A 
 
N/A N/A   
39 577.0853 7.73 [M-H]- N/A 
 
N/A N/A   
40 591.1006 7.74 [M-H]- N/A 
 
N/A N/A   
41 623.0873 7.75 [M-H]- N/A 
 
N/A N/A   





acid;  2-Hydroxyglutaric 
acid lactone; Gamma-delta-




43 188.0569 7.84 [M-H]- C7H11NO5 2 N-Acetyl-L-glutamic acid Amino Acid Glutarylglycine 
44 287.0332 7.85 [M-H]- N/A 
 
N/A N/A   
45 213.9877 7.89 [M-H]- N/A 
 
N/A N/A   
46 258.0396 8.05 [M-H]- C6H14NO8P 4 
Aminofructose 6-
phosphate 
Carbohydrate Glucosamine phosphate 
47 187.0252 8.09 [M-H]- C8H12OS2 3 cis-2-Methylaconitate Organic acid Furfuryl propyl disulfide 
48 207.0550 8.22 [M-H]- N/A 
 
N/A N/A   
49 203.0195 8.3 [M-H]- C7H8O7 2 Oxaloglutarate Organic acid Daucic acid 
50 295.0444 8.38 [M-H]- C13H12O8 5 cis-Coutaric acid Phenolic compound Caffeoylmalic acid 
51 221.0337 8.39 [M-H]- N/A 
 
N/A N/A   
52 533.0755 8.42 [M-H]- N/A 
 
N/A N/A   
53 179.0340 8.44 [M-H]- C9H8O4 6 Caffeic acid Phenolic compound   
54 311.0387 8.45 [M-H]- C13H12O9 7 Caftaric acid Phenolic compound Cis-Caffeoyl tartaric acid 







56 147.0322 8.49 [M-H]- C6H12S2 9 
Methyl 3-methyl-1-
butenyl disulfide 
Organic compound Propenyl propyl disulfide 
57 293.1025 8.51 [M-H]- C15H18O6 2 N/A N/A 
 




Phenolic compound  
59 137.0248 8.54 [M-H]- C7H6O3 2 3-Hydroxybenzoic acid Phenolic compound 
4-Hydroxybenzoic acid; 
Salicylic acid 
60 473.0910 8.61 [M-H]- N/A 
 
N/A N/A   
61 149.0089 8.71 [M-H]- C4H6O6 2 Tartaric acid a Organic acid 
 
62 439.9867 8.76 [M-H]- N/A 
 
N/A N/A   
63 635.1461 8.79 [M-H]- C32H28O14 8 
Kaempferol 3-(4''-acetyl-
6''-p-coumarylglucoside) 
Phenolic compound   













67 383.0438 8.82 [M-H]- N/A 0 N/A N/A   
68 367.0497 8.84 [M-H]- C19H12O8 10 N/A N/A   





70 156.0656 8.91 [M-H]- C7H11NO3 7 Tiglylglycine Amino Acid 3-Methylcrotonylglycine 
71 385.0622 8.99 [M-H]- N/A 
 
N/A N/A   
72 339.0872 9.02 [M-H]- C19H16O6 1 N/A N/A   
73 403.1002 9.03 [M-H]- C20H20O9 8 
trans-Resveratrol 3-O-
glucuronide 
Phenolic compound   












75 207.0536 9.05 [M-H]- C8H16O2S2 8 Dihydrolipoate Organic compound   




Organic acid   





78 133.0148 9.17 [M-H]- C4H6O5 4 Malic acid a Organic acid 
 
79 337.0749 9.19 [M-H]- C19H14O6 9 N/A N/A O-Methylsterigmatocystin 
80 355.0854 9.2 [M-H]- C12H20O12 8 Acaciabiuronic acid Carbohydrate 
 









82 419.0659 9.22 [M-H]- N/A 
 
N/A N/A   
83 209.0303 9.24 [M-H]- C6H10O8 0 Galactaric acid Carbohydrate 
Glucarate; Citric acid 
monohydrate 
84 175.0590 9.26 [M-H]- N/A 
 
N/A N/A   
85 311.0597 9.27 [M-H]- N/A 
 
N/A N/A   
86 256.9918 9.29 [M-H]- N/A 
 
N/A N/A   
87 223.0491 9.3 [M-H]- C8H8N4O4 8 N/A N/A   














89 135.0312 9.34 [M-H]- C5H4N4O 1 Hypoxhantine Nitrogenous base   
90 515.1248 9.34 [M-H]- C25H24O12 10 
Pyrano malvidin 3-
glucoside 
Phenolic compound   






92 165.0401 9.36 [M-H]- C5H10O6 2 Arabinonic acid Organic acid 
Ribonic acid; Xylonate; 
Apionic acid; ; Lyxonate; 
S-Propyl 1-
propanesulfinothioate 





94 195.0527 9.41 [M-H]- C7H8N4O3 8 Gluconic acid a Organic acid   
95 605.1904 9.44 [M-H]- C29H34O14 4 N/A N/A   





acid;  2-Hydroxyglutaric 
acid lactone; Gamma-delta-
Dioxovaleric acid; Itaconic 
acid; 2,5-Dioxopentanoate; 
Mesaconic acid; Methyl 
hydrogen fumarate 
97 237.0648 9.48 [M-H]- C9H10N4O4 7 N/A N/A   







propenyl disulfide; etc. 
99 131.0674 9.51 [M-H]- N/A 
 
N/A N/A   
100 366.1176 9.54 [M-H]- C13H25N3O5S2 3 Tripeptide (M,M,S) Amino Acid   




Carbohydrate   






oxobutanoic acid; Methyl 
oxalate; xi-3-Hydroxy-2-
oxobutanoic acid 
103 368.0981 9.61 [M-H]- N/A 
 
N/A N/A   
104 169.0132 9.66 [M-H]- C7H6O5 7 Gallic acid Phenolic compound 
Trihydroxybenzoic acid; 
Benzyl methyl disulfide; 
Diethylthiophosphate 
105 218.1056 9.67 [M-H]- C9H17NO5 10 Pantothenic acid a Organic acid   
106 137.0258 9.68 [M-H]- C7H6O3 10 4-Hydroxybenzoic acid Phenolic compound 
3-Hydroxybenzoic acid; 
Salicylic acid 
107 487.1603 9.69 [M-H]- C25H28O10 1 N/A N/A 
 
108 153.0235 9.7 [M-H]- C4H10O4S 5 N/A N/A   














111 167.0294 9.73 [M-H]- N/A 
 
N/A N/A   






Fustin; Carthamidin; etc. 
113 305.0678 9.75 [M-H]- C15H14O7 3 Gallocatechin Phenolic compound   
114 197.0458 9.76 [M-H]- C9H10O5 1 Syringic acid Phenolic compound 
3,4-O-Dimethylgallic acid 

















Cotonefuran; cis-3 and 
trans-2-Hexenyl 
propionate; etc. 
117 177.0381 9.8 [M-H]- N/A 
 
N/A N/A   
118 431.1600 9.81 [M-H]- C19H28O11 9 Benzyl gentiobioside Carbohydrate Zizybeoside I 
119 181.0699 9.82 [M-H]- C6H14O6 10 Galactitol Carbohydrate Mannitol; Sorbitol; Iditol 














Fisetin tetramethyl ether; 
etc. 














122 214.0512 9.87 [M-H]- C12H9NO3 1 Robustine Organic compound   
123 302.0978 9.91 [M-H]- C13H22NO3PS 3 N/A N/A   
124 151.0275 9.99 [M-H]- C5H4N4O2 8 Xanthine Organic compound 6,8-Dihydroxypurine  
125 202.0751 10.23 [M-H]- C9H9N5O 8 
(5-Phenyl-1,2,4-triazol-3-
yl)urea 
Organic compound   
126 487.0646 10.65 [M-H]- N/A  N/A N/A   
127 257.1160 11.15 [M-H]- C11H18N2O5 6 
gamma-L-Glutamyl-L-
pipecolic acid 
Amino Acid (2S,2'S)-Pyrosaccharopine 
128 307.1113 11.41 [M-H]- C18H16N2O3 8 Azacridone A Organic compound 
 Tyrphostin B44 (-); Citrus 
Red No.2 




Calystegin B2; Calystegine 
B5; N-Carboxyethyl-γ-
aminobutyric acid 





Organic compound   
131 302.1346 12.07 [M-H]- C12H21N3O6 4 
N5-Acetyl-N2-gamma-L-
glutamyl-L-ornithine 
Amino Acid   







133 132.0309 12.37 [M-H]- C4H7NO4 4 Aspartic acid a Amino Acid Iminodiacetic acid 











136 146.0459 13.28 [M-H]- C5H9NO4 0 Glutamic acid a Amino Acid   


















































































Estudio metabolómico del efecto de 
compuestos bioactivos de romero  















4.1.1.  El romero, fuente natural de compuestos bioactivos contra el cáncer 
El romero (Rosmarinus officinallis L.) es una planta nativa de la región mediterránea que pertenece a la 
familia Lamiaceae. Aunque tradicionalmente se ha empleado con fines culinarios y aromáticos, desde la 
antigüedad se han atribuido a esta planta diversas propiedades medicinales (Avila-Sosa y col., 2011). 
Desde 2008 el extracto de romero está considerado como aditivo alimentario debido a su potencial 
antioxidante para los alimentos (Aguilar y col., 2008). Recientemente, se han ampliado los usos 
autorizados para el extracto de romero a través del Reglamento 2016/56, en concreto, como antioxidante 
en grasas para untar (EFSA Panel on Food Additives and Nutrient Sources added to Food, 2015). En los 
últimos años, se ha estudiado intensamente el potencial farmacológico del romero, además de su bien 
conocida actividad antioxidante (Moreno y col., 2006; Bozin y col., 2007), antimicrobiana (Moreno y 
col., 2006; Bozin y col., 2007) y antiinflamatoria (Peng y col., 2007), el romero es reconocido por su 
efecto contra enfermedades cardiovasculares (Afonso y col., 2013), diabetes (Sedighi y col., 2015), 
trastornos neurológicos (de Oliveira, 2016), entre otras (Al-Sereit y col., 1999; Habtemariam, 2016). 
Además, un gran número de evidencias in vitro (Tai y col., 2012; Valdés y col., 2012; Valdés y col., 
2013; González-Vallinas y col., 2014a) e in vivo (Petiwala y col., 2014; Gonzáles-Vallinas y col., 2014b; 
Yan y col, 2015) han demostrado que el extracto de romero presenta efectos anticancerígenos. 
La capacidad anticancerígena de los extractos de romero se ha investigado en modelos in vitro, utilizando 
distintas líneas de células tumorales, incluyendo leucemia (Valdés y col., 2012), cáncer de mama 
(González-Vallinas y col., 2014a), hígado (Vicente y col., 2013), ovario (Tai y col., 2012), colon (Valdés 
y col., 2013), próstata (Petiwala y col., 2013), cérvix (Berrington y Lall, 2012) y pulmón (Yesil-Celiktas 
y col., 2010). En estudios con distintos modelos in vivo también se ha demostrado la capacidad de los 
compuestos de romero de evitar el desarrollo y reducir el tamaño de tumores de próstata y de cáncer de 
colon en ratones xenoinjertados (Petiwala y col., 2014; Gonzáles-Vallinas y col., 2014b; Yan  y col., 
2015), así como en la reducción de tumores de cáncer de piel y oral inducidos en modelos animales 
(Sancheti y Goyal, 2006; Rajasekaran y col., 2012). 
Varios trabajos han atribuido los efectos anticancerígenos de los compuestos de romero a su actividad 
quimioprotectora la cual está relacionada fundamentalmente a las propiedades antioxidantes de los 
diterpenos fenólicos de la planta, más específicamente a la capacidad de estos compuestos de secuestrar 
radicales libres del medio, lo que protege frente al daño oxidativo inducido por las especies reactivas del 
oxígeno (ROS) a lípidos, proteínas y DNA (Xiang y col., 2013; Gonzáles-Vallinas y col., 2015). Además 
de la capacidad de secuestrar radicales libres, los diterpenos fenólicos y los extractos de romero también 
podrían ejercer una actividad protectora indirecta mediante la inducción de la respuesta frente al estrés 
oxidativo modulada por el factor de transcripción nuclear eritroide-2 (NRF2), aumentando las defensas 
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Entre los compuestos más importantes presentes en los extractos de romero se pueden destacar los 
compuestos volátiles (alcanfor, 1,8-cineol, cariofileno, borneol, terpineol, cadineno, etc.) (Fornari y col., 
2012), flavonoides (apigenina, diosmetina, hispidulina, cirsimaritina, luteolina, hesperidina, 
homoplantaginina, diosmina, genkwanina, eriocitrina, luteolina, gallocatequina, nepetrina y luteolina 
glucurónidos, entre otros) (Bai y col., 2010; Del Baño y col., 2004; Borrás-Linares y col., 2014), ácidos 
fenólicos (ácido rosmarínico, ácido cafeico, ácido siríngico, ácido vainíllico, ácido cumárico, etc.) 
(Zgórka y Glowniak, 2001) y diterpenos fenólicos (ácido carnósico, carnosol, rosmanol, ácido metil-




Figura 4.1. Estructuras químicas de los diterpenos fenólicos más importantes identificados en romero. 
 
Entre los diterpenos fenólicos del romero, el ácido carnósico y el carnosol pueden llegar a representar 
hasta el 5% del peso seco de la hoja de romero y se estima que pueden ser responsables de más del 90% 
de la actividad antioxidante de los extractos de romero (Aruoma y col., 1992). El ácido carnósico es hasta 
la fecha el compuesto más estudiado del romero. Numerosos estudios in vitro indican la posible actividad 
anticancerígena de este compuesto en distintos modelos celulares de cáncer (Barni y col., 2012). Por 
ejemplo, se ha demostrado que el ácido carnósico provoca una disminución en la viabilidad celular, en el 
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modelo de cáncer de colon HCT116, mediada por un proceso de apoptosis debida a la producción de ROS 
(Kim y col., 2016). En los últimos años, el grupo de Alimentómica del CIAL ha trabajado intensamente 
en la actividad antitumoral de extractos de romero obtenidos mediante fluidos presurizados, ricos en los 
diterpenos ácido carnósico y carnosol. La capacidad de estos extractos de inhibir la proliferación de 
células cancerígenas se ha relacionado con alteraciones en el ciclo celular (Valdés y col., 2013; Ibañez y 
col., 2012a; Ibañez y col, 2012b), así como con un aumento del proceso de apoptosis celular (Ibañez y 
col, 2012b). Estudios previos también han demostrado que el efecto de los diterpenos del romero varía en 
función del modelo celular en estudio, de la concentración y del tipo de diterpeno y del tiempo de 
incubación (Valdés y col., 2012; Valdés y col, 2013; Valdés y col., 2016b; Valdés y col., 2017). En esta 
Tesis Doctoral se ha empleado una aproximación metabolómica no dirigida, con el fin de avanzar en el 
conocimiento acerca del posible efecto tóxico de los principales diterpenos del romero en un modelo in 
vitro de células hepáticas. 
 
4.1.2.  Flujo de trabajo en metabolómica 
El esquema de trabajo convencional en un experimento metabolómico integra una serie de etapas 
relacionadas con la preparación de la muestra, la elección de una o más plataformas analíticas, el 
procesamiento de los datos, el análisis estadístico de los datos e interpretación biológica de los resultados 
obtenidos. Todas estas etapas están interrelacionadas y deben ser minuciosamente optimizadas 
eliminando el riesgo de cualquier desviación que pueda llevar a resultados erróneos. En la Figura 4.2 se 
presentan de forma esquematizada las principales etapas de un estudio metabolómico. 
 
 





Figura 4.2. Flujo simplificado de trabajo de un estudio metabolómico. 
 
La preparación de la muestra es una etapa de gran importancia en metabolómica ya que afecta 
directamente al contenido de los metabolitos de la muestra a analizar. El tratamiento de la muestra previo 
al análisis metabolómico dependerá fundamentalmente del tipo de muestra (orina, plasma, tejido, cultivo 
celular, etc.) y de la plataforma analítica elegida para su análisis. El método ideal de preparación de 
muestras en metabolómica debería ser: i) poco selectivo, para asegurar la mayor cobertura del 
metaboloma posible; ii) simple y rápido, para impedir la perdida de metabolitos durante el proceso; y iii) 
altamente reproducible (Vuckovic, 2012). En el momento de la recogida de la muestra es primordial 
llevar a cabo una rápida inactivación de la actividad enzimática y del bloqueo de las reacciones 
metabólicas (―quenching”) que puedan estar teniendo lugar. Este proceso se suele llevar a cabo mediante 
una disminución drástica de la temperatura, generalmente a través del empleo de nitrógeno líquido, o 
mediante el uso de disolventes orgánicos (Dettmer y col., 2007). En metabolómica, uno de los objetivos 
del tratamiento previo de la muestra es la eliminación de macromoléculas (DNA y proteínas, 
esencialmente) para evitar interferencias en el análisis químico y/o supresión de las señales analíticas de 
los metabolitos. Los métodos más comúnmente empleados para la preparación de muestras líquidas 
(suero, plasma, orina, etc.) se basan fundamentalmente en la desproteinización de la muestra por 
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precipitación mediante el uso de disolventes orgánicos, como metanol o acetonitrilo (Rico y col., 2014), o 
por ultrafiltración (Tiziani y col., 2008; Vuckovick, 2012). La extracción en fase sólida (SPE) también se 
emplea en metabolómica cuando el objetivo es extraer una familia determinada de metabolitos con unas 
características físico-químicas similares (Idborg-Björkman y col., 2003; Michopoulos y col., 2009). Al ser 
un método más selectivo, la SPE provoca la disminución de la cobertura del metaboloma en estudio (Rico 
y col., 2014) y hace que su uso sea menos frecuente en el análisis metabolómico no dirigido (Vuckovick, 
2012). La extracción de metabolitos en muestras sólidas o semisólidas (células, tejidos, etc.) exige 
además del quenching, una etapa adicional de homogeneización y lisis celular de la muestra. El disolvente 
para la extracción se puede seleccionar según se desee obtener en el extracto metabólico, un predominio 
de metabolitos polares, apolares o bien utilizando ambos tipos de disolventes para crear un sistema 
bifásico y así analizar posteriormente por separado ambos extractos metabólicos (Wu y col., 2008; Lin y 
col., 2007; Bi y col., 2013; Southam y col., 2017). 
Una vez llevada a cabo la preparación de la muestra, el siguiente paso es el análisis de los metabolitos a 
través de la plataforma analítica elegida. La elección de la técnica analítica y del método de análisis 
dependerá del objetivo del estudio y del tipo de estrategia analítica (análisis del perfil metabólico o de la 
huella metabólica). Tal y como ya se ha comentado en el primer Capítulo de esta Tesis Doctoral, las 
plataformas analíticas comúnmente empleadas en metabolómica son: NMR, MS, LC-MS, GC-MS y CE-
MS. A diferencia de otras tecnologías ómicas, la metabolómica supone un gran reto analítico debido a la 
gran variedad de moléculas con distintas propiedades fisicoquímicas y estructuras, así como por el amplio 
intervalo de concentraciones de los metabolitos en cualquier muestra biológica. Aunque los avances 
técnicos en la instrumentación así como la hibridación de técnicas analíticas están aportando una 
información metabolómica cada vez más completa, a menudo es necesario en los estudios de 
metabolómica emplear diversas plataformas analíticas que aportan una información complementaria, 
necesaria a la hora de llevar a cabo un análisis del metaboloma lo más completo posible. Todavía hoy, 
buena parte de los esfuerzos en metabolómica están dirigidos tanto hacia el desarrollo instrumental como 
al metodológico.  
El siguiente paso en un estudio metabolómico es el procesamiento de los datos obtenidos de las diferentes 
plataformas analíticas y su posterior análisis estadístico. El procesado de datos obtenidos mediante 
plataformas metabolómicas basadas en MS, como la GC-MS, LC-MS y CE-MS, consta de varias etapas 
(Katajamaa y Orešič, 2007; Sugimoto y col., 2012). Las principales etapas son la detección de ―features‖, 
alineamiento y la normalización de las señales. Para la detección de features los datos deben ser filtrados 
para reducir el ruido del sistema y seleccionar solamente las señales espectrales provenientes de los 
metabolitos. El alineamiento se basa en la corrección de la diferencia de los tiempos de 
migración/retención de los features entre diferentes inyecciones y muestras. Por último, el objetivo de la 
normalización es la eliminación de fuentes de variación entre muestras, como por ejemplo alteraciones en 
la sensibilidad del MS o errores durante la manipulación/inyección/separación de la muestra, a fin de 
garantizar que los datos de todas las muestras sean comparables entre sí de forma fiable. Al final del 
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procesado se obtiene una matriz de datos con los valores de m/z extraídos, tiempos de 
migración/retención y la intensidad o área correspondiente a cada pico. En la actualidad existen varias 
herramientas para llevar a cabo el procesado de datos, tanto de acceso libre, como MZmine (Katajama y 
Orešič, 2005) o XCMS (Smith y col., 2006), como comercial, como MassLynx (Waters Corp.), Mass 
Profiler Profesional (MPP, Agilent Technologies), etc. Estos últimos, suelen ser menos flexibles respecto 
a la elección de parámetros que los softwares de acceso libre, si bien son de uso más sencillo. Por otro 
lado, además del procesado de los datos, los softwares comerciales generalmente permiten realizar el 
análisis estadístico univariante y/o multivariante.  
El análisis estadístico de los datos obtenidos en un estudio metabolómico requiere el uso de herramientas 
quimiométricas avanzadas debido fundamentalmente al gran volumen y complejidad de los datos. Las 
matrices de datos obtenidas en la etapa previa de procesado, se someten al análisis estadístico univariante 
y/o multivariante. Para la detección de los metabolitos significativamente diferentes entre los diferentes 
grupos de muestras, se puede emplear pruebas paramétricas como el test t de Student (comparación de dos 
grupos de muestras) o el análisis de varianza (ANOVA) para la comparación de más de dos grupos de 
muestras; y pruebas no paramétricas (por ejemplo el test de Kruskal-Wallis y Mann-Whitney U) para 
conjuntos de datos que no presenten distribución normal. Existen distintos programas que pueden ser 
utilizados para llevar a cabo el análisis estadístico en metabolómica, entre ellos Statistica 
(http://statistica.io/) y SIMCA (http://umetrics.com/) son algunos de los más comúnmente empleados 
debido a la amplia variabilidad de técnicas estadísticas y representaciones gráficas disponibles. Los 
métodos de análisis estadísticos multivariantes se dividen en dos grandes grupos: ―no supervisados‖ 
donde el modelo se construye sin el conocimiento previo de los grupos de clasificación de las muestras y 
los métodos ―supervidados‖, los cuales tienen cuenta la existencia de las diferentes clases. El Análisis de 
Componentes Principales (PCA) es un método no supervisado comúnmente utilizado en metabolómica 
que permite detectar muestras atípicas (outliers) y observar las agrupaciones y tendencias entre los grupos 
de muestras en estudio. El PCA se utiliza generalmente como paso previo a la aplicación de métodos 
estadísticos supervisados, para evaluar la calidad de los datos (Boccard y col., 2010). Entre los métodos 
de clasificación supervisados empleados en metabolómica se encuentran el Análisis por Mínimos 
Cuadrados Parciales (PLS), Proyecciones Ortogonales a Estructuras Latentes (OPLS) que son una 
modificación del método PLS (Triba y col., 2015) y el Análisis Lineal Discriminante (LDA) (Lindon y 
Nicholson, 2001; Hewer y col., 2006). El LDA utiliza un procedimiento de pasos sucesivos (Stepwise 
procedure) para seleccionar los metabolitos que más contribuyen a la diferenciación de los grupos de 
muestras (potenciales biomarcadores) y generalmente utiliza el análisis canónico discriminante (CVA) 
para obtener una representación gráfica de los resultados de la clasificación. En los análisis por PLS-DA 
(Análisis Discriminante de Mínimos Cuadrados Parciales) y por OPLS-DA (Análisis Discriminante por 
Mínimos Cuadrados Parciales Ortogonal) las variables más relevantes en cada modelo estadístico son 
seleccionados a través de informaciones provenientes de una o más representaciones gráficas, como la 
importancia de la variable en la proyección (VIP), loading plot o S-Plot (forma de visualización del 
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OPLS-DA que combina la covarianza modelada y la correlación de las variables en un gráfico de 
dispersión), que de forma resumida expresan la influencia y la importancia de las variables sobre la 
proyección y la fiabilidad del resultado.  
Tras el análisis estadístico y la selección de las variables (metabolitos) estadísticamente significativos 
entre los diferentes grupos de muestras, el siguiente paso es la identificación de los metabolitos. Cuando 
el análisis se lleva a cabo mediante GC-MS con interfase de impacto electrónico existen diversas bases de 
datos espectrales disponibles comercialmente o de acceso libre, tales como Golm Metabolome Database 
(GMD) (Kopka y col., 2005), MassBank database (Horai et al., 2010), NIST (Babushok y col, 2007) y 
Wiley (Roessner y col., 2000), que permiten realizar la identificación de los metabolitos mediante la 
comparación del espectro de fragmentación experimental con los espectros de fragmentación contenidos 
en estas librerías. Además del patrón de fragmentación espectral, algunas librerías ayudan a llevar a cabo 
esta identificación con el índice de retención (Kind y col., 2009). El proceso de identificación es más 
laborioso cuando el análisis se ejecuta mediante LC-MS o CE-MS y se lleva generalmente a cabo 
mediante la comparación de los valores de m/z experimental con valores de m/z teóricos de los 
metabolitos presentes en bases de datos como HMDB (Wishart y col., 2009), Metlin (Smith y col., 2005), 
PubChem (Bolton y col., 2008), KEGG (Kanehisa, 1997), LIPID MAPS (Sud y col., 2007), o mediante la 
comparación de los espectros de fragmentación MS/MS experimentales con los publicados en estas bases 
de datos. Además, se puede complementar la identificación tentativa de cada metabolito mediante la 
comparación del perfil isotópico del espectro experimental y del teórico. Para confirmar la identidad del 
metabolito normalmente es necesario realizar la co-inyección de estándares de metabolitos (si están 
disponibles comercialmente), en las mismas condiciones de análisis que las muestras reales. Por último, 
para relacionar cada metabolito identificado con sus respectivas rutas metabólicas, se pueden emplear 
herramientas bioinformáticas como MetaboAnalyst (http://www.metaboanalyst.ca/), Ingenuity Pathway 
Analysis (QIAGEN Bioinformatics), MBROLE (http://csbg.cnb.csic.es/mbrole2/), entre otras. 
 
4.1.3.  Estudio metabolómico del efecto de los diterpenos ácido carnósico, carnosol y rosmanol en 
un modelo in vitro de células de hígado humano 
La evaluación de la toxicidad de los compuestos bioactivos del romero es un aspecto esencial a considerar 
para validar su uso seguro. En estudios previos, diversos extractos de romero, ricos en diterpenos 
fenólicos obtenidos mediante extracción con fluidos supercríticos (SFE) no mostraron efectos 
toxicológicamente negativos con una dosis aguda de 2000 mg extracto/kg peso corporal en ratas (Anadón 
y col., 2008). En otro estudio de toxicidad aguda llevado a cabo por Wang y col. (Wang y col., 2012), se 
estimó que la dosis letal de ácido carnósico en ratones era de 7100 mg de ácido carnósico/kg peso 
corporal; además los ratones tratados con una dosis diaria de ácido carnósico (600 mg/kg peso corporal) 
durante 30 días, mostraron algunos signos de toxicidad. El estudio histopatológico de los ratones reveló 
que a dosis tóxicas se producían daños en el hígado y en el corazón. Las investigaciones llevadas a cabo 
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hasta la fecha indican que los extractos de romero y el ácido carnósico tienen una toxicidad oral 
relativamente baja, sin embargo, no existe información acerca de la toxicidad de los compuestos 
bioactivos del romero en concentraciones a las cuales éstos presentan efecto antiproliferativo. 
Recientemente, se ha desarrollado una nueva línea celular humana, la línea HepaRG, procedente de un 
paciente con carcinoma hepatocelular (Gripon y col., 2002). Cuando estas células se cultivan en 
determinadas condiciones, se diferencian en células similares a las de los hepatocitos primarios adultos y 
a células epiteliales biliares, imitando la estructura histológica del hígado in vivo (Guillouzo y col., 2007); 
estas células expresan más del 80% de los genes activos en hepatocitos humanos (Jossé y col., 2008; 
Mueller y col., 2015). A diferencia de otros modelos celulares hepáticos, las células HepaRG mantienen 
varias funciones metabólicas, secretoras y de actividad de desintoxicación de xenobióticos (Aninat y col., 
2006). Entre otras características, las células HepaRG imitan a los hepatocitos humanos expresando 
múltiples receptores nucleares, así como el citocromo P450, una amplia familia de hemoproteínas 
responsables del metabolismo oxidativo de los xenobióticos. Entre los receptores nucleares destaca el 
receptor nuclear PXR (pregnane X receptor), que activa los genes de la subfamilia CYP3A del citocromo 
P450, en respuesta a fármacos y otros xenobióticos (Guillouzo y col., 2007). En virtud del Reglamento 
REACH (European Regulation on Registration, Evaluation, Authorisation and Restriction of Chemicals), 
existe una necesidad de mejorar la seguridad de los compuestos químicos, empleando para ello ensayos in 
vitro alternativos, a fin de evitar ensayos innecesarios con animales. Por este motivo, la línea HepaRG 
presenta una alternativa prometedora para estudios de toxicidad in vitro y del metabolismo de 
xenobióticos. Además, mediante aproximaciones metabolómicas no dirigidas vamos a poder estudiar los 
cambios metabólicos que un determinado tratamiento con xenobióticos produce en células como las 
HepaRG. De esta manera, se puede obtener información sobre las alteraciones en el metabolismo celular, 
y por lo tanto, de los mecanismos a través de los cuales un determinado compuesto con bioactividad 
ejerce un efecto concreto en la fisiología de la célula. 
En el trabajo que se anexa a este Capítulo (Trabajo 4.3.1) titulado ―Metabolomics of early metabolic 
changes in hepatic HepaRG cells in response to rosemary diterpenes exposure‖, se ha llevado a cabo un 
estudio metabolómico del efecto de los principales diterpenos del romero (ácido carnósico, carnosol y 
rosmanol) en células HepaRG. Este artículo se ha enviado recientemente para su publicación en la revista 








4.2. OBJETIVO Y PLAN DE TRABAJO 
El objetivo de este Capítulo es: 
- Estudio metabolómico del efecto tóxico de los diterpenos mayoritarios en romero, ácido 
carnósico, carnosol y rosmanol, en un modelo in vitro de células HepaRG, que imitan las 
funciones de las células hepáticas humanas. 
 
Para conseguir dicho objetivo, se llevó a cabo el siguiente plan de trabajo: 
a. Análisis de la viabilidad celular de dos líneas celulares de cáncer de cólon (HCT116 y HT-29), 
tratadas con diferentes concentraciones de diterpenos del romero (ácido carnósico, carnosol y 
rosmanol). 
b. Análisis de la viabilidad celular de células hepáticas HepaRG diferenciadas y no diferenciadas 
tratadas con diferentes concentraciones de ácido carnósico, carnosol y rosmanol, de acuerdo con los 
resultados obtenidos en el objetivo anterior. 
c. Extracción de los metabolitos de las células hepáticas HepaRG tratadas con los diterpenos 
fenólicos de romero y células hepáticas HepaRG sin tratar (control). 
d. Análisis de los perfiles metabólicos del contenido intracelular de las células HepaRG tratadas y 
control mediante GC-TOF MS y UHPLC-TOF MS. 
e. Procesado de los datos obtenidos, análisis estadístico y estudio comparativo de los perfiles 

































































































































4.3.1.  Metabolomics of early metabolic changes in hepatic 
HepaRG cells in response to rosemary diterpenes exposure  
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Rosemary diterpenes have demonstrated diverse biological activities, such as anti-cancer, 14 
antiinflammatory, as well as other beneficial effects against neurological and metabolic disorders. In 15 
particular, carnosic acid (CA), carnosol (CS) and rosmanol (RS) diterpenes have shown interesting 16 
results on anti-cancer activity. However, little is known about the toxic effects of rosemary diterpenes 17 
at the concentrations needed to exert their antiproliferative effect on cancer cells. In our study, CA, 18 
CS and RS exhibited a concentration-dependent effect on cell viability of two human colon cancer 19 
cell lines (HT-29 and HCT116) after 24 h. HT-29 cell line was more resistant to the inhibitory effect 20 
of the three diterpenes than HCT116 cell line. Among the three diterpenes, RS exerted the strongest 21 
effect in both cell lines. To investigate the hepatotoxicity of CA, CS and RS, undifferentiated and 22 
differentiated HepaRG cells were exposed to increasing concentrations of the diterpenes (from 10 to 23 
100 μM). Differentiated cells were found to be more resistant to the toxic activity of the three 24 
diterpenes than undifferentiated HepaRG, probably related to a higher detoxifying function of 25 
differentiated HepaRG cells compared with the undifferentiated cells. The metabolic profiles of 26 
differentiated HepaRG cells in response to CA, CS and RS were examined to determine biochemical 27 
2 
 
alterations and deepen the study of the effects of rosemary phenolic diterpenes at molecular level.  A 28 
multiplatform metabolomics study based on liquid- and gas- chromatography hyphenated to high 29 
resolution mass spectrometry revealed that rosemary diterpenes exerted different effects when 30 
HepaRG cells were treated with the same concentration of each diterpene. RS revealed a greater 31 
metabolome alteration followed by CS and CA, in agreement with their observed cytotoxicity. 32 
Metabolomics provided valuable information about early events in the metabolic profiles after the 33 
treatment with the investigated diterpenes from rosemary. 34 
 35 
Keywords: Metabolomics, HepaRG, rosemary, diterpenes, carnosic acid, carnosol, rosmanol 36 
  37 
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1. Introduction 38 
Accumulating evidence from epidemiological and dietary intervention studies indicates that naturally 39 
occurring phytochemicals from vegetables and fruits may play a useful role in preventing a number of 40 
diseases [1]. Rosemary (Rosmarinus officinallis) is an herb, member of the mint family Lamiaceae, 41 
native to the Mediterranean region that has traditionally been used as flavouring or preserving agents 42 
in foods. Rosemary extracts have been used as a therapeutic agent in the treatment of a diversity of 43 
disorders [2] and have been well known for their antiinflamatory [3] and antimicrobial properties [4, 44 
5]. The health promoting properties of rosemary have been attributed in part to the antioxidant activity 45 
of some of the phenolic diterpenes present in the extracts. Rosemary leaves are abundant in phenolic 46 
diterpenes such as carnosic acid (CA), carnosol (CS), rosmanol (RS), methyl carnosic acid, 47 
epirosmanol, epirosmanol methyl ether, among others [6]. In rosemary, CA and CS represent 48 
approximately 5% of the dry weight of the leaves, and they are estimated to account for more than 49 
90% of the antioxidant activity [7]. In recent years, rosemary diterpenes are receiving increasing 50 
interest for a variety of health promoting properties such as antimicrobial [8], anti-inflammatory [9], 51 
neuroprotective [10, 11], antioxidant [12], and anticancer properties [13, 14, 15]. CA and CS interfere 52 
with a range of different cellular processes related to cell proliferation, invasiveness, tumorigenesis, 53 
and survival of cancer cells. In fact, the wide range of reported pleiotropic cellular and molecular 54 
effects conferred to CA and CS supports the idea that the underlying mechanisms of action of these 55 
compounds are diverse and complex. Recently, Foodomics has proven to be a useful approach to 56 
identify a wide range of molecular changes induced by rosemary diterpenes in in vitro cell models. 57 
For instance, previous transcriptomic and metabolomics studies have demonstrated that a CA-58 
enriched rosemary extract alters the intracellular redox status [16, 17], and triggers a strong Nrf2-59 
mediated antioxidant response in addition to the unfolded protein response to alleviate endoplasmic 60 
reticulum stress in cancer cells [18, 19, 20]. Furthermore, recent applications of bottom-up proteomic 61 
strategies have revealed new molecular targets of CS and have provided new insights regarding the 62 
role of autophagy and proteostasis in the cellular response to rosemary phenolic compounds in in vitro 63 
colon cancer cells [21, 22]. 64 
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Regarding the safety of rosemary bioactive compounds and extracts, a published study showed that a 65 
single oral gavage dosage of 2,000 mg rosemary extract/kg of body weight did not cause evidences of 66 
toxicity in Wistar rats for two weeks [23]. Furthermore, Wang et al. [24] reported that the oral lethal 67 
dose for mice was 7,100 mg CA/kg body weight in an acute toxicity study, and that high-dose of CA 68 
(600 mg/kg per day) taken for 30 days also had toxic effects. In that study, histopathological analysis 69 
of mice tissues revealed that toxic doses exerted both liver and heart injury in mice. These studies 70 
suggest that rosemary extract and CA have relatively low oral toxicity; however, limited information 71 
is available about the safety of these compounds at doses in which they exert antiproliferative effects. 72 
For this reason, in the present work, the toxicity of a range of CA, CS and RS concentrations that are 73 
demonstrated to induce antiproliferative effects on colon cancer cells have been tested on HepaRG 74 
cells. This cell line has emerged as a very promising in vitro model able to display features of liver 75 
progenitor cells [25, 26] and it has shown great potential in toxicological studies [27, 28, 29]. In 76 
addition, a multiplatform metabolomics study has been carried out using complementary analytical 77 
techniques. Namely, reversed-phase (RP)-ultra high performance liquid chromatography (UHPLC) 78 
coupled with time-of-flight (TOF) MS and gas chromatography (GC)-TOF MS have been applied to 79 
investigate metabolite changes in HepaRG cells in response to individual rosemary diterpenes, RS, 80 
CA, and CS. The objectives of this study were, therefore, to determine the changes in metabolite 81 
quantities altered in HepaRG cells after diterpene exposures compared to untreated controls, and to 82 
detect differences between the metabolite profiles obtained in RS-, CA- and CS-treated cells in order 83 
to shed light on the specific metabolic pathways altered by each diterpene in hepatocyte-like cells. 84 
 85 
2. Materials and methods 86 
2.1. Reagents 87 
Carnosic acid (CA), carnosol (CS), rosmanol (RS), phenyl-β-D-glucopyranoside, and heptadecanoic 88 
acid were obtained from Sigma-Aldrich (St. Louis, MO), ergosterol from Acros Organics (Geel, 89 
Belgium), and N-benzoyl-L-tyrosine from Fluka (Buchs, Switzerland). Reagent and solvents 90 
employed in the preparation of the UHPLC mobile phases were of MS grade: formic acid from Fluka 91 
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(Buchs, Switzerland), methanol (MeOH) and acetonitrile (ACN) from Sigma-Aldrich (St. Louis, 92 
USA). Water was purified in a Milli-Q system from Millipore (Bedford, USA). Reagents for 93 
derivatization: pyridine and N-Methyl-N- trimethylsilyltrifluoroacetamide with 1% 94 
Trimethylchlorosilane (MSTFA + 1% TMCS), were purchased from Thermo Fisher Scientific 95 
(Rockford, IL) and O-methoxyamine hydrochloride was from Sigma-Aldrich (St. Louis, MO). 96 
FAMEs (Fatty Acid Methyl Ester, chain lengths from C8-C30) and d27-myristc acid was purchased in 97 
form of the Fiehn GC/MS Metabolomics Standards Kit from Agilent Technologies (Santa Clara, CA). 98 
 99 
2.2. Cell culture 100 
Colon adenocarcinoma HT-29 and HCT-116 cells, obtained from ATCC (American Type Culture 101 
Collection, LGC Promochem, UK), were grown in McCoy’s 5A medium (Lonza, USA) supplemented 102 
with 10% (v/v) heat inactivated Fetal Bovine Serum (Biowest , France), 50 U/mL penicillin G and 50 103 
U/mL streptomycin (both from Lonza, USA) at 37 °C in humidified atmosphere and 5% CO2. 104 
Cryopreserved undifferentiated HepaRG
®
 cells and recommended culture media (Growth Medium 105 
Supplement
®
, Differentiation Medium Supplement
®
 and Basal Hepatic cell medium) were obtained 106 
from Biopredict International (Saint-Gregoire, France). HepaRG cells were cultured and differentiated 107 
following manufacturer’s indications at 37 °C and 5 % CO2 (Biopredic Int., France). Briefly, the 108 




 and cultured in 710 growth medium 109 
(Biopredic Int.), which was refreshed every two or three days. After two weeks, cells were cultured in 110 
720 differentiation medium (Biopredic Int.) for two additional weeks, resulting in differentiated 111 
HepaRG cell cultures. At that time, the cultures showed hepatocyte-like and primitive biliary cells 112 
morphology and were ready for treatment with the rosemary diterpenes for the metabolomics study. 113 
 114 
2.3.  Cell viability assay on colon cancer and HepaRG cells 115 
MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide bromide) assay was 116 
performed on HT-29 and HCT-116 cancer cell lines to determine the effect of the different rosemary 117 
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diterpenes (CA, CS and RS) on cell viability. Briefly, cultured cells at ∼50% confluence were 118 
trypsinized, neutralized with culture medium, seeded at 10,000 cells cm
-2
, and allowed to adhere 119 
overnight at 37 °C. Afterwards, cells were treated with the vehicle (0.1% DMSO, v/v) regarded as 120 
untreated controls or with different concentrations (10-100 µM) of the diterpenes, and incubated for 121 
24 h. After treatments, cells were incubated with serum-free medium containing MTT (0.5 mg mL
-1
) 122 
at 37 °C for 4 h. The medium was removed, and the purple formazan crystals were dissolved in 123 
DMSO. Then, the absorbance at 570 nm was measured in a microplate reader (Synergy HT). 124 
MTT assays were also conducted to determine the cytotoxic effect of the rosemary diterpenes (CA, 125 
CS and RS) on both, undifferentiated and differentiated HepaRG cells. In both assays, confluent 126 
undifferentiated HepaRG cells were trypsinized, seeded in 96-well plates, and allowed to adhere 127 
overnight at 37 °C. For the assay on undifferentiated HepaRG cells, 24 h after seeding, cells were 128 
incubated with different concentrations (10-100 µM) of the diterpenes for 24 h at 37 °C and 5% CO2. 129 
For the assay on differentiated HepaRG cells, the cells were cultured for 14 days and differentiated for 130 
other 14 days at 37 °C and 5% CO2 following the same procedure as mentioned in the previous 131 
section. Differentiated cells were then treated with different concentrations (10-100 µM) of the 132 
diterpenes (dissolved in DMSO) and incubated for 24 h at 37 °C and 5% CO2. After treatments, the 133 
cells were incubated with William’s E medium (supplemented with 2 mM L-glutamine and 25 mM 134 
HEPES) containing MTT (0.5 mg mL
-1
) at 37 °C for 4 h. The medium was removed, and the purple 135 
formazan crystals were dissolved in DMSO. Then, the absorbance at 570 nm was measured as 136 
described for colon cancer cells. The results from MTT assays are provided as the mean of the 137 
percentage of treated minus control samples ± standard error of the mean (SEM) of at least three 138 
replicates. 139 
 140 
2.4.  Sample preparation for the metabolomic study.  141 
Differentiated HepaRG cells were exposed to 60 µM of CA, CS and RS in William's Medium E 142 
(Lonza, Belgium) supplemented with 2 mM L-glutamine and 25 mM HEPES (Sigma Aldrich, USA) 143 
for 10 h. In parallel, HepaRG cells were exposed to the vehicle (0.1% DMSO) and regarded as 144 
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controls. After treatment, HepaRG cells were trypsinized, washed with PBS solution and centrifuged. 145 
Supernatants were removed and cells were resuspended in PBS and subjected to trypan blue exclusion 146 
assay to determine the number of viable cells present in the cell suspensions. Aliquots containing 147 
4x10
6 
of cells were used for the metabolite extraction. The metabolite extraction protocol was based 148 
on a biphasic fraction procedure. Metabolites were extracted using 760 µL of a precooled MeOH-149 
Water mixture (1:0.9, v/v) containing N-Benzoyl-L-tyrosine and phenyl-β-D-glucopyranoside as 150 
internal standards (IS). Each extract was vortexed until complete dissolution of the pellet and 400 µL 151 
of ice cold chloroform containing ergosterol and heptadecanoic acid as IS, was added. Cells extracts 152 
were then homogenized with cell disrupter at 30Hz for 10 minutes and centrifuged at 2200 g for 5 153 
minutes at 4 °C. After layer separation, 640 µL of the polar fraction and 300 µL of the nonpolar 154 
fraction were transferred to new precooled tubes. 300 µL aliquots from each fraction were then 155 
evaporated to dryness using a nitrogen flow and stored at -80 °C until analysis. Dried polar and apolar 156 
aliquots were then re-suspended with methanol-water (1:1, v/v) and methanol, respectively, for 157 
UHPLC-MS analysis or derivatized for GC-MS analysis. 158 
 159 
2.5.  LC-MS metabolic profiling analysis 160 
UHPLC-TOF analysis was carried out using a 1290 system from Agilent (Agilent Technologies, 161 
Santa Clara, CA, USA) coupled to a quadrupole-time-of-flight mass spectrometer (Q/TOF MS) 162 
Agilent 6540 equipped with an orthogonal electrospray ionization (ESI) source (Agilent Jet Stream, 163 
AJS). The applied strategy comprises two liquid chromatography approaches: RP chromatography for 164 
the polar and nonpolar fraction analysis, using C8 and C18 columns, respectively. The RP 165 
metabolomic profiling analysis of polar fraction was performed on an Agilent ZORBAX C8, Rapid 166 
Resolution HD (2.1 × 100 mm, 1.8 µm) using phase A (water with 0.01% (v/v) formic acid) and 167 
phase B (acetonitrile with 0.1% (v/v) formic acid), and following gradient program: 0% B (1 min), 0-168 
30% B in 1-7 min, 30-100% B in 7-9 min, and 100% B in 9-11 min. For the RP metabolomic 169 
profiling analysis of nonpolar fraction an Agilent Zorbax Eclipse Plus C18 (2.1 × 50 mm, 1.8 μm) 170 
column was applied, using phase A (water with 0.01% (v/v) formic acid) and phase B (acetonitrile 171 
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with 0.1% (v/v) formic acid), and following gradient program: 0% B (0.5 min), 0-100% B in 0.5-9 172 
min, and 100% B in 9-11 min. Before each run, columns were re-equilibrated for 4 min using the 173 
initial solvent composition. The flow rate was set constant at 0.5 mL min
-1
 and the column 174 
temperature was maintained at 30 °C for all separations. Two microliters of samples solution were 175 
injected for each analysis, and each sample was analyzed in duplicate. RP metabolic profiling 176 
analyses were achieved in both positive and negative mode. MS operation conditions were as follows: 177 
capillary voltages were set at -4000 V in the positive mode or 4000 V in the negative mode; nebulizer 178 
pressure at 40 psi, drying gas flow rate at 10 L min
-1
, gas temperature at 350 °C and skimmer voltage 179 
at 45 V. Full scan data were collected in the TOF scan mode from 50 to 1100 m/z at 1.5 spectra s
-1
 for 180 
both ionization modes. 181 
 182 
2.6.  GC-MS metabolic profiling analysis 183 
For derivatization process, the dried extract of samples were first oximated by adding 10 µL of 184 
methoxyamine hydrochloride solution in pyridine (40 mg mL
-1
), mixed in a vortex mixer and 185 
subsequently shaken for 90 min at 30 °C. Afterward, 90 µL of N-methyl-N-186 
trimetylsilyltrifluoroacetamide (MSTFA) with 1% trimethylchlorosilane (TMCS) and 2 µL of the 187 
FAME/d27-myristic acid mixture were added and shaken at 37 °C for 30 min to form trimethylsilyl 188 
(TMS) derivatives. GC-TOF MS analysis was performed using a 7890B system (Agilent) coupled to a 189 
quadrupole time-of-fight (Q/TOF) 7200 (Agilent) equipped with an electron ionization (EI). 1 µL of 190 
the prepared samples were injected with a split ratio of 10:1 and a split flow of 8.4 mL min
-1
 with the 191 
injector at a temperature of 250 °C. The separation of metabolites was achieved using an Agilent 192 
Zorbax DB5- MS + 10m Duragard Capillary Column (30 m x 250 µm x 0.25 µm). Helium was used 193 
as carrier gas at a constant flow rate of 0.8 mL min
-1
 through the column. The column temperature 194 
was maintained at 60 °C for 1 min, then increased at a rate of 10 °C min
-1
 to 325 °C, and held at this 195 
temperature for 10 min, MS parameters: electron impact ionization at 70 eV, filament source 196 





. Mass spectral signals were recorded after a 5.9 min solvent delay to avoid derivatization 198 
interferences. 199 
 200 
2.7.  MS data processing, statistical analysis and metabolite identification 201 
Raw data from LC-MS were processed by using the Molecular Feature Extraction (MFE) tool in 202 
MassHunter Qualitative Analysis Software (version B.07.00, Agilent Technologies). For GC-MS 203 
data, corresponding peak integration and deconvolution were achieved by “Find by Chromatographic 204 
Deconvolution” tool on Mass Hunter Qualitative Analysis. Alignment of drift (by retention time and 205 
mass) and data filtering were performed with Mass Profiler Professional (version 14.5, Agilent 206 
Technologies). Metabolites that did not exist in 75% of samples in one group were filtered. The 207 
metabolomic LC-MS data generated was subjected to non-supervised principal component analysis 208 
(PCA) in a search of discriminant metabolomic patterns contributing to either generic or mechanism-209 
specific effect. To deepen the knowledge on the alterations caused by each specific phenolic 210 
compound, pairwise comparisons (each phenolic diterpene vs. control) were performed, which led to 211 
the identification of specific metabolites related to each action mechanism. Differences between 212 
control and treated HepaRG cells were evaluated for individual metabolites using univariate statistical 213 
analysis by unpaired t-test. A Benjamin Hochberg FDR correction was also applied to adjust the p-214 
values. A p-value <0.05 was considered significant to select metabolites. Accurate masses of features 215 
with significant differences by LC-MS were searched against HMDB (http://www.hmdb.ca/), 216 
METLIN (https://metlin.scripps.edu/), and LIPID MAPS (http://www.lipidmaps.org/) databases. 217 
Compound identification by GC-MS was performed by comparing obtained mass spectra with those 218 
available in the National Institute of Standards and Technology mass spectra library (NIST MS, v. 219 
2.2) and by using the target metabolite Fiehn GC/MS Metabolomics RTL (Retention Time Locked) 220 
library (G1676AA, Agilent Technologies). 221 
 222 
3. Results 223 
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In the present work, the toxicity of a range of CA, CS and RS concentrations that are demonstrated to 224 
induce antiproliferative effects on colon cancer cells have been evaluated on HepaRG cells. In 225 
addition, a multiplatform metabolomics study has been carried out using C8/C18-UHPLC-TOF MS 226 
and GC-TOF MS to investigate metabolite changes in HepaRG cells in response to the individual 227 
rosemary diterpenes. The workflow used in the current study is shown in Figure 1 and the obtained 228 
results are presented as follows: 229 
 230 
3.1.  In vitro effect of CA, CS and RS on HT-29 and HCT116 colon cancer cells viability 231 
The effects of the three diterpenes depending on their concentration were assayed in exponentially 232 
growing HT-29 and HCT116 cells. To attain this, HT-29 and HCT116 cells were incubated with 233 
increasing concentrations of diterpenes (from 10 to 100 µM) for 24 h and cell viability was analyzed 234 
by the MTT assay. All the diterpenes exhibited a concentration-dependent effect after 24 h (Figure 2). 235 
As it is shown in Figure 2, HT-29 and HCT116 cell lines showed different sensitivity to the 236 
diterpenes. Specifically, HCT116 cells were less refractory to the cytotoxic effect of the three 237 
diterpenes than HT-29 cells. For instance, CS exhibited a strong cytotoxic effect at 40 µM in HCT116 238 
cells (85% cell viability reduction), whereas the cell viability decrease obtained with the same 239 
concentration in the assays with HT-29 cells was well below that value (11 %). 240 
 241 
3.2.  Cell viability of HepaRG cells treated with CA, CS and RS 242 
To investigate the hepatotoxic potential of CA, CS and RS, undifferentiated and differentiated 243 
HepaRG cells were incubated with increasing concentrations of the diterpenes (from 10 to 100 μM) 244 
for 24 h and cell viability was analyzed by the MTT assay (Figure 3). In undifferentiated cells, 245 
concentration-dependent reduction of cell viability was observed starting from 40 μM for CA (Figure 246 
3A, dark grey bars), whereas this dependence started from 10 μM of the other two diterpenes (CS 247 
and RS; Figure 3B and C). As a general trend, undifferentiated HepaRG cells were more sensitive to 248 
the treatment with diterpenes than differentiated cells. In differentiated cells, the three diterpenes 249 
caused null or mild toxic effects at concentrations that are typically toxic (20-40 μM) in colon cancer 250 
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cells. Interestingly, RS treatment was the most effective compounds, reducing ~19% cell viability at 251 
60 μM in differentiated cells after 24 h, whereas the same concentration of the other two diterpenes 252 
showed not significant (p-value > 0.05) effects in cell viability. 253 
 254 
3.3.  Metabolite profiling of HepaRG cells treated with CA, CS and RS 255 
In order to investigate the changes in the relative abundance of metabolites altered in HepaRG cells 256 
by each diterpene exposure, differentiated HepaRG cells were exposed to 60 M of CA, CS or RS for 257 
10 h. As mentioned above, this diterpene concentration is highly toxic in colon cancer cell but only 258 
exerts mild or null toxicity in HepaRG cells. Cells were treated and processed as described in 259 
experimental sections and subsequently analyzed following a multiplatform metabolomics strategy. 260 
Trypan blue exclusion assay performed in control and treated HepaRG cells confirmed the mild toxic 261 
effect (17% dead cells relative to control) of 60 µM RS treatment after 10 h exposure, as well as the 262 
lack of toxic effects in cells treated with the same concentration of CS and CA (data not shown). After 263 
peak detection, alignment and filtering, different data matrices were obtained from C8/LC-MS in 264 
positive ionization mode (ESI+), C8/LC-MS in negative ionization mode (ESI-), C18/LC-MS (ESI+), 265 
C18/LC-MS (ESI-) and GC-EI-MS analyses. Namely, 1144 entities were detected in C8/LC-MS 266 
(ESI+), 613 entities in C8/LC-MS (ESI-), 2487 entities in C18/LC-MS (ESI+), 1022 entities in 267 
C18/LC-MS (ESI-), and 322 entities in GC-MS. 268 
Principal components were generated by PCA to represent the major latent variables. PCA was 269 
chosen as explorative to visualize how the different treatments of HepaRG cells were able to reveal 270 
differences in the scores and the accompanying loadings. Two dimensional plots of PC1 vs. PC2 were 271 
generated from the different data matrices obtained from each analytical platform (see 272 
Supplementary Figure 1). In addition, all the information provided by the different analytical 273 
platforms and conditions for a given sample was joined to a single matrix, and PCA was carried out 274 
(Figure 4). The PCA score plot showed good separation between control cells and those treated with 275 
CA, CS and RS. The plot showed that the projection onto the first principal component (PC1) was 276 
effective in separating non-treated from phenolic diterpenes-treated HepaRG cells as can be seen in 277 
12 
 
Figure 4. The second principal component (PC2) separated CA treatment from CS and RS-treated 278 
cells. 279 
In addition to multivariate data analysis, univariate analysis (t-test with post hoc Benjamini Hochberg 280 
(FDR) correction and p<0.05) was carried out foreach diterpene treatment vs. control HepaRG cells. 281 
The univariate statistical analysis revealed individual significant metabolites after CA treatment, 282 
yielding 21 statistically significant features in C8/LC-MS (ESI+), 11 in C8/LC-MS (ESI-), 17 in 283 
C18/LC-MS (ESI+), 18 in C18/LC-MS (ESI-), and 25 in GC-MS (data collected in Supplementary 284 
Table 1). The summary of the entities revealed as statistically significant by t-test after CS treatment 285 
is given in the Supplementary Table 2; briefly, 32 statistically significant features in C8/LC-MS 286 
(ESI+), 21 in C8/LC-MS (ESI-), 49 in C18/LC-MS (ESI+), 39 in C18/LC-MS (ESI-), and 35 in GC-287 
MS, were obtained. The univariate analysis of metabolomics results from RS-treated HepaRG cells 288 
differentiated 74 entities in C8/LC-MS (ESI+), 55 in C8/LC-MS (ESI-), 110 in C18/LC-MS (ESI+), 289 
46 in C18/LC-MS (ESI-), and 40 in GC-MS (data collected in Supplementary Table 3). A summary 290 
of tentatively identified metabolites with a p-value<0.05 in HepaRG cells treated with CA, CS and 291 
RS, is given in Table 1. As it is shown in Table 1, a wide variety of metabolite classes and subclasses 292 
were altered by the three diterpenes. To note, regarding fatty acid metabolism a number of different 293 
acylcarnitines and fatty acids were altered by the three rosemary diterpenes. Although the three 294 
diterpenes appear to affect the same metabolite classes, only ten of them were commonly observed in 295 
the three experimental conditions. The analysis indicated that the direction of the change in the ten 296 
common metabolites was the same. On the other hand, changes in metabolite classes specific to a CS 297 
and RS were also found. Hence, it could be observed glycerolypids class exclusively decreased in CS-298 
treated cells. Futhermore, decreased levels in fatty acyl CoA and glycerophospholipids (except 299 
phosphatidylcholine), together with accumulation of lysophospholipids were exclusively observed in 300 
RS-treated cells. 301 
Besides the metabolites summarized in Table 1, for improved information we focused on other 302 
biologically relevant metabolites that were statistically significant (p-value <0.05) but did not pass the 303 
restrictive Benjamin Hochberg FDR correction. Thus, alterations in well-known low-molecular-304 
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weight oxidative stress markers were detected. Specifically, a decrease in reduced glutathione (GSH, 305 
p-value<0.0456; fold change (FC), -4.8) concomitant to a marked increase of oxidized glutathione 306 
(GSSG, p-value< 0.0047; FC, 3.8) was observed in RS-treated cells. Interestingly, the levels of GSH 307 
were also decreased (GSH, p-value< 0.0379; FC, -5.5) in CS-treated cells relative to control cells; 308 
however, in this case the change in GSSG levels induced by CS was not statistically significant 309 
(GSSG, p-value<0.3357; FC, 1.7). The levels of other metabolites involved in glutathione 310 
metabolism, such as gamma-glutamyl glutamine and S-lactoylglutathione, were also altered in RS-311 
treated cells. 312 
 313 
4. Discussion 314 
Several articles have demonstrated the in vitro chemoprotective activity of rosemary extracts and 315 
phenolic diterpenes, namely CA and CS, at low concentrations (<10 µM) [12, 30]. However, 316 
interesting results have been also reported in studies evaluating the potency of these compounds in 317 
inhibiting cell proliferation and viability of cancer cell lines, activities commonly observed at 318 
concentrations within the medium micromolar range (25-100 µM) [31, 32]. Although some studies 319 
suggest that diterpene-enriched rosemary extracts and CA have relatively low oral toxicity; little is 320 
known about the toxic effects of rosemary diterpenes at the concentrations needed to exert 321 
antiproliferative effects on cancer cells. In line with this, liver and heart injuries were evidenced after 322 
administration of high oral doses of CA in mice in an acute toxicity study [24]. Regarding the in vitro 323 
toxicity evaluation, HepaRG cells have been successfully used to assess the hepatotoxicity of various 324 
drugs as alternative for primary human hepatocytes, referred to as the gold standard in hepatotoxicity 325 
studies [27-29]. HepaRG cells are derived from a hepatocellular carcinoma and when differentiate 326 
toward hepatocyte-like cells the mRNAs encoding metabolizing enzymes reach levels of expression 327 
close to those found in primary human hepatocytes [25, 26]. Therefore, their metabolic capacity is 328 
nearly similar to normal hepatic function and allows the investigation of metabolites generated by all 329 
hepatic enzymatic metabolism [25]. In addition, HepaRG cells mimic human hepatocytes with the 330 
expressions of multiple nuclear receptors and cytochromes P450, including pregnane X receptor 331 
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(PXR) and CYP3A4 gene [33]. Thus, the consistent differentiation status, high viability and stable 332 
phenotype of HepaRG cells suggest that they may provide a useful model system for investigation of 333 
toxic responses in vitro. On the other hand, metabolomics represent a promising tool for studying the 334 
metabolic changes induced by xenobiotics as it can provide instantaneous snapshots of alterations in 335 
the cellular metabolism, providing meaningful information regarding the mechanisms through which 336 
an exogenous compound causes a particular effect in cell physiology [34]. To the best of our 337 
knowledge, there are not metabolomic studies on the effects of rosemary diterpenes in HepaRG cells. 338 
In our present work, the results on the antiproliferative effect of individual diterpenes on HT-29 and 339 
HCT116 cells are in agreement with previous published results regarding the activity of these 340 
compounds in colon cancer cells [18, 22, 35-38]. Our data also reveals that HT-29 cell line was more 341 
resistant to the inhibitory effect of the three diterpenes than HCT116 cell line. A similar observation 342 
has been reported in a recent study on the effect of different diterpene-enriched rosemary extracts on 343 
these two cell lines [39]. It is also interesting to note that RS exerted the strongest effect among the 344 
three diterpenes in both cell lines, an observation that is also in the same line with the study performed 345 
with CS and RS in COLO205 cells by Cheng et al. [40].  346 
Our results with HepaRG cells indicate that differentiated cells are more resistant to the toxic activity 347 
of the three diterpenes than undifferentiated HepaRG and colon cancer cells. This observation is 348 
consistent with a higher detoxifying function of differentiated HepaRG cells compared with the 349 
undifferentiated cells and the assayed colon cancer cells. It also highlights the relevance of the 350 
metabolizing features acquired during HepaRG cell differentiation for the detoxification of exogenous 351 
compounds. In line with this, published results obtained foe the less metabolically efficient HepG2 352 
cells, a cell line commonly used in cytotoxicity testing, indicated that 100 μM CA decreased the 353 
number of viable cells by approximately 92% [41], whereas according to our data the same 354 
concentration of CA only reduces viability of differentiated HepaRG cells by 24%. Our results, are 355 
also in agreement with those reported by Dickmann et al. [42] demonstrating that 100 μM CA 356 
decreased viability of cultured cryopreserved human hepatocytes from three donors to less than 10% 357 
of untreated control cells. 358 
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In the present work, we implemented a metabolomic strategy to investigate early changes in 359 
metabolites levels in differentiated HepaRG cells after treatment with each  individual rosemary 360 
diterpenes, CA, CS and RS. The great physicochemical diversity in addition to a wide concentration 361 
range of intracellular metabolites makes the metabolites extraction and separation major challenges in 362 
metabolomics. In this study a combined extraction method of amphiphilic and lipophilic metabolites, 363 
together with advanced analytical techniques as UHPLC-TOF MS, with two chromatography 364 
approaches (namely, C8 and C18), and GC-TOF MS, have been used in complementarity to provide a 365 
more comprehensive metabolomic snapshot of the biological system under study. A diterpene 366 
concentration that has been shown to be toxic in both colon cell lines, HT-29 and HCT116, was 367 
selected to study different effects in HepaRG metabolism. As mentioned above, 60 µM RS induced a 368 
toxic effect in absence of massive cell death after 10 h of exposure. This strategy allows detecting the 369 
initial specific effects of the diterpene on cell metabolism while longer times or treatments at higher 370 
concentrations may lead to the appearance of adaptation responses not directly related to the primary 371 
toxic effect or non-specific damages. To the opposite, 60 µM CA or CS exposures showed non-372 
significant effects on the viability of differentiated cells. In this regard, metabolomic data permitted 373 
separation by the use of non-supervised data analysis with a two-component PCA model between non 374 
treated cells with those treated with the different phenolic diterpenes. Metabolomics analysis also 375 
revealed differences among the three treatments, which were found to be partially separated. Indeed, 376 
RS-treated HepaRG cell group, the toxic experimental condition assayed, was more distant to the 377 
other treatments and control cells in our PCA model. According to the metabolites statistically 378 
significantly altered after treatments with CA, CS and RS, both common and diterpene-specific 379 
altered metabolites, were observed. In general, RS treatment induced a greater metabolome alteration 380 
than CS and CA exposures, which reflects more extensive metabolic disequilibrium, concordant with 381 
the observed cytotoxic effect exerted by the former diterpene. Indeed, a good correlation between the 382 
changes in endogenous oxidative markers and cell toxicity was observed in RS-treated cells. 383 
Particularly, the alterations induced by 60 µM RS in GSH and GSSG levels relative to control cells 384 
are indicative of altered cellular redox homeostasis, increasing the possibilities for damage by 385 
oxidative stress, a condition that potentially can trigger cell death. Regarding the effects of CS 386 
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exposure, this diterpene induced a similar decrease in GSH levels compared to RS effect, but did not 387 
significantly elevated GSSG levels. GSH depletion in CS- and RS-treated cells may be due to GSH 388 
oxidation to GSSG or to the GSH consumption in conjugation reactions. In either case, further 389 
experiments are needed to deepen in the causal relationship of CS and RS treatment on GSH depletion 390 
in HepaRG cells. The results obtained with CS are in the same line as those reported in a study on the 391 
prooxidant activity of rosemary diterpenes (~40 µM) in in vitro assays in HT-29 cells [20]. On the 392 
other hand, Chen et al. [30] reported a transient increase of GSH in HepG2 cells after 12 h of 393 
treatment with non-toxic CS concentrations (≤ 10 µM). It was suggested this effect protected against 394 
damage from oxidative stress and it was associated to the transcriptionally induction of genes coding 395 
enzymes involved in GSH synthesis, mediated by Nrf2 transcription factor. However, in a recent 396 
proteomic study in HT-29 cells, cytostatic and cytotoxic CS concentrations within the medium 397 
micromolar range (40-70 µM) also induced a generalized Nrf2-mediated antioxidant response that 398 
included the expression of genes for GSH synthesis, among others [22]. These contrasting results 399 
suggest CS induces Nrf2-mediated response regardless the cell type and concentration, whereas its 400 
ability to alter intracellular GSSG and GSH levels might be concentration-dependent, and this 401 
alteration in some cases might be related with its associated toxicity. 402 
In addition to alterations of cellular redox status, the most marked metabolic changes in the present 403 
study were those involving lipid metabolism, specifically sphingolipids and glycerophospholipids. 404 
Sphingolipids are not just the structural components of cell membrane, but bioactive molecules that 405 
participate in diverse functions controlling fundamental cellular processes such as cell division, 406 
differentiation, and cell death [43]. In our study, sphingolipids were mainly increased after diterpene 407 
treatments. According to the tentatively identified metabolites, sphingomyelin SM(d18:1/14:0) was 408 
increased in the HepaRG cells treated with the three diterpenes. Phytosphingosine and (4E,8E,10E-409 
d18:3)sphingosine were found to be increased in CS- and RS-treated cells, whereas, shingosine and 410 
sphinganine were increased in HepaRG cells exposed to RS and CA, respectively. Sphingolipid 411 
metabolites such as ceramides, sphingosines, sphingosine 1-phosphates, and phytosphingosine have 412 
emerged as key regulators of apoptosis in a variety of cells [44, 45] and for this reason have attracted 413 
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increasing interest. Although phytosphingosine is structurally similar to sphingosine, the 414 
physiological roles of phytosphingosine are still largely unknown. It has been reported that 415 
phytosphingosine induces apoptotic cell death in human cancer cells both by caspase-dependent and -416 
independent pathways [46, 47]. In this regard, further research is needed to understand the 417 
mechanisms by which CA, CS and RS regulate sphingolipid metabolism. 418 
 419 
In terms of energy metabolism, experimental evidence showed that a CA-enriched rosemary extract 420 
increased cell glucose consumption and glycolysis in HepG2 by activation of AMPK-ACC pathway 421 
and altered the expression of SIRT1, PGC1α, and G6Pase genes [48]. This regulatory effect of the 422 
energy metabolism suggests a role for some rosemary constituents in blocking fatty acid synthesis and 423 
increasing β-oxidation. Similarly, Wang et al. [49] demonstrated that CA activated AMPK and 424 
inhibited palmitate-induced lipid accumulation in HepG2 cells and CA feeding decreased the fat 425 
accumulation in hepatocytes of leptin-deficient ob/ob mice (a model of type 2 diabetes with relatively 426 
mild hyperglycemia and obesity). In agreement with the data reported in the literature, in our study, 427 
the levels of free unsaturated fatty acids decreased in HepaRG cells upon CA exposure. Moreover, 428 
three acylcarnitines were also found to be altered in CA-treated cells. The primary function of 429 
acylcarnitines is to transport long chain fatty acids into the mitochondria, where they are required for 430 
β-oxidation. Because acylcarnitines are broken down for β-oxidation, their accumulation has been 431 
suggested as markers of mitochondrial dysfunction [50]. However, in our study, the accumulated and 432 
depleted state of the detected acylcarnitines varied depending on the acylcarnitine type. Regarding 433 
glucose metabolism, reported data in the literature suggests that CA-enriched rosemary extracts 434 
increases glycolysis, while decreases gluconeogenesis and glycogen content in HepG2 cells [48] and 435 
glucose uptake in muscle cells [51]. Our results indicated intriguing changes in various metabolites 436 
related with glycolysis and TCA cycle intermediates. Interestingly, intracellular pyruvic acid, lactic 437 
acid and succinic acid were depleted in all diterpene treatments, whereas accumulation of glucose was 438 
only observed in RS-treated cells. This last observation suggests that RS treatment impairs glucose 439 
utilization in contrast to the effects induced by CA and CS. Related with glucose metabolism, other 440 
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intriguing change in RS-treated HepaRG cells was the accumulation of S-lactoylglutathione in RS-441 
treated cells. This metabolite is an intermediate of the methylglyoxal detoxification. Methylglyoxal is 442 
normally considered as a toxic by-product of protein and fatty acid metabolism, but the glycolytic 443 
pathway represents the most important endogenous source of methylglyoxal. High levels of this 444 
potent glycating agent occur when the concentrations of their precursors are elevated such as in 445 
impaired glucose utilization condition making its accumulation highly toxic for the cell [52]. In 446 
addition to the detected endogenous metabolites, we also detected significant accumulation in 447 
diterpene metabolites as the result of diterpene oxidation. For instance, in CS-treated cells 448 
accumulated carnosol and rosmadial, the oxidation product of rosmanol, suggesting that 10 h were not 449 
enough to totally detoxify 60 µM CS and its oxidation products.  450 
 451 
5. Conclusions 452 
In this study, the diterpenes CA, CS and RS, naturally occurring bioactive compounds originating 453 
from rosemary, have been selected for a first investigation of the early metabolic changes in hepatic 454 
HepaRG cells by metabolomics. The capabilities of metabolomics to assess the HepaRG cell 455 
responses to external stimuli have been demonstrated. The chemical diversity of the metabolites 456 
together to a large dynamic concentration range evidenced that more than a unique high-throughput 457 
approach is necessary to obtain ample metabolite coverage. After MS-based metabolomics study of 458 
HepaRG cells, substantial alterations induced by CA, CS and RS were revealed. The information 459 
achieved delivers a preliminary set of metabolites, evidencing some alterations on the metabolome of 460 
HepaRG derived from rosemary phenolic diterpenes exposure. Indeed, our results demonstrate the 461 
sensitivity of this comparative metabolomic approach to identify novel metabolic differences between 462 
the cytotoxic mechanism of RS and the non-toxic effects of CA and CS. The relative abundance of 463 
metabolites involved in redox and detoxifying reactions, lipid and glucose metabolism, was 464 
differentially altered upon exposure to CA, CS and RS, pointing to modifications in energy 465 
metabolism and redox homeostasis, which are key biochemical processes to sustain cell function.  466 
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Table 1. Compounds statistically significant (by t test and FDR correction with p-value<0.05) 
identified by UHPLC-MS and GC-MS for HepaRG cells exposed to CA, CS and RS. 
 
Class, subclass Metabolite 
IDa 




CA CS RS 
Fatty acids and derivatives       
 FA (straight chain) Palmitic acid HMDB00220 C16H32O2 NS
b
 up up 
 FA (unsaturated) Octadecadienoic acid HMDB00673 C18H32O2 down down down 
 FA (straight chain) Nonadecanoic acid HMDB00772 C19H38O2 NS up NS 
 FA (unsaturated) 9Z-hexadecenoic acid HMDB03229 C16H30O2 down NS NS 
 FA (unsaturated) 13Z-Octadecenoic acid HMDB62218 C18H34O2 down down down 
 N-acylamide N-stearoyl valine 75504 C23H45NO3 NS NS down 
 N-acylamide N-palmitoyl alanine 75505 C19H37NO3 down NS NS 
Carnitine metabolites       
 Acylcarnitine Decanoylcarnitine HMDB00651 C17H33NO4 NS down down 
 Acylcarnitine Dodecanoylcarnitine HMDB02250 C19H37NO4 NS up up 
 Acylcarnitine Arachidylcarnitine HMDB06460 C27H53NO4 NS NS down 
 Acylcarnitine 9-Decenoylcarnitine HMDB13205 C17H31NO4 up up up 





HMDB41993c C12H23NO4 down NS NS 
 Acylcarnitine 3-hydroxypentadecanoyl carnitine HMDB61641 C22H43NO5 NS up NS 
Fatty esters (Fatty acyl CoA)       
 
Fatty acyl CoA S3-Hydroxytetradecanoyl-CoA HMDB03934 C35H62N7O18P3S NS NS down 
Sterols       
 Sterol Cholesterol HMDB00067 C27H46O up NS NS 
 Bile acid Taurocholic acid HMDB00036 C26H45NO7S NS down down 
 Bile salt Lithocholyltaurine HMDB00722 C26H45NO5S NS NS up 
 Steroid 6-Dehydrotestosterone glucuronide HMDB10337 C25H34O8 up NS NS 
Glycerolipids       
 DAG DG(15:0/0:0/16:1n7) HMDB55988 C34H64O5 NS down NS 
 TAG 2,3-Diacetoxypropyl stearate HMDB59931 C25H46O6 NS down NS 
Glycerophospholipids       
 diacylglycerophosphoglycerol PG(16:0/16:0) HMDB10570 C38H75O10P NS NS down 
 glycerophosphocholine PC(0-12:0/0-1:0) 40186 C21H46NO6P NS up NS 
 glycerophosphate PA(P-18:0/20:4(5Z,8Z,11Z,14Z)) 82331 C41H73O7P NS NS down 
 glycerophosphoserine PS(16:1(9Z)/14:1(9Z)) 77868 C35H69O10P NS NS down 
 glycerophosphoserine PS(O-18:0/13:0) 78666 C37H74NO9P NS NS down 
 monoacylglycerophosphate PA(17:1/0:0) 3887 C20H39O7P NS NS down 
 phosphatidylcholine PC(14:0/P-18:1(11Z)) HMDB07897 C40H78NO7P NS NS up 








C23H48NO7P NS NS up 
 
 
LysoPE(0:0/16:0) HMDB11473 C21H44NO7P NS NS up 
Sphingolipids       
 Ceramide CerP(d18:1/18:0) HMDB10701 C36H72NO6P NS NS down 
 Sphingoid base homolog C16 Sphinganine LMSP01040001 C16H35NO2 NS down NS 
 Sphingoid base homolog 6-hydroxysphingosine LMSP01080003 C18H37NO3 down NS NS 
 Sphingoid base homolog (4E,8E,10E-d18:3)sphingosine LMSP01080013 C18H33NO2 NS up up 
 Sphingoid base Sphingosine HMDB00252 C18H37NO2 NS NS up 
 Sphingoid base Sphinganine HMDB00269 C18H39NO2 up 
  
 Sphingoid base Phytosphingosine HMDB04610 C18H39NO3 NS up up 
 Sphingomyelin SM(d18:1/14:0) HMDB12097 C37H75N2O6P up up up 
AA and derivatives       
 AA Glutamic acid HMDB00148 C5H9NO4 NS down down 
 AA Alanine HMDB00161 C3H7NO2 down down down 
 AA Lysine HMDB00182 C6H14N2O2 NS down NS 
 AA Serine HMDB00187 C3H7NO3 NS NS down 
 AA N-Acetylserine HMDB02931 C5H9NO4 NS down down 
 AA Valine, Betaine HMDB00883, HMDB00043 C5H11NO2 up NS NS 
 n-acyl-alpha AA N-Phenylacetyl-L-glutamine HMDB06344 C13H16N2O4 NS NS up 
 n-acyl-alpha AA N-heptanoylglycine HMDB13010 C9H17NO3 down NS NS 
Nucleosides and nucleotides       
 Nucleoside Adenosine HMDB04401 C10H13N5O4 NS NS up 
 Nucleotide Inosinic acid HMDB00175 C10H13N4O8P NS up NS 
 Nucleotide Uracil HMDB00300 C4H4N2O2 down NS down 
Peptides       
 
 
Asparaginyl-Tyrosine HMDB28743 C13H17N3O5 NS up NS 
 
 
Tetrapeptide (Phe, Val, Met, Phe) 243563/241283
c C28H38N4O5S NS NS down 
 
 
Dipeptide (Asn, Cys) 85684/85643
c C7H13N3O4S NS NS up 
 
 
Tetrapeptide (Asn, Asn, Asn, Ser) 228110/197710
c C15H25N7O9 NS NS up 
 
 
Tetrapeptide (Trp Phe Ser Thr) 253803/253575
c C27H33N5O7 NS NS up 
 
 




C17H33N7O5 NS down NS 





C9H21N3O NS up NS 
Vitamins and related metabolites      
 Niacin precursor L-Kynurenine HMDB00183 C10H12N2O3 NS NS up 
 Nicotinamide metabolite 1-methylnicotinamide HMDB00699 C7H9N2O down NS NS 
 Vitamin B5 Pantothenic acid HMDB00210 C9H17NO5 NS NS up 
Carboxylic acids       
 dicarboxylic Methylmalonic acid HMDB00202 C4H6O4 NS down NS 
 dicarboxylic Oxalic acid HMDB02329 C2H2O4 down down down 
 dicarboxylic Succinic acid HMDB00254 C4H6O4 down down down 
 tricarboxylic Citric acid HMDB00094 C6H8O7 up NS NS 
Other metabolites       
 
 





Pyruvic acid HMDB00243 C3H4O3 down down down 
 
 
3-hydroxybutyrate HMDB00357 C4H8O3 NS down down 
 
 
S-Lactoylglutathione HMDB01066 C13H21N3O8S NS NS up 
 
 
Carnosol HMDB02121 C20H26O4 NS up NS 
 
 






C20H26O5 NS NS up 
 
 
Uric acid HMDB00289 C5H4N4O3 NS NS down 
 
 
Lactic acid HMDB03328 C3H6O3 down down down 
 
 
Hydroxyvaleric acid HMDB01863 C5H10O3 NS down down 
 
a) ID from the Human Metabolome Database (HMDB) is given. Alternatively, ID from LIPID MAPS Database (LMSD) or METLIN database 
are given. 
b) NS: This metabolite was not statistically significant in treated HepaRG cells with regard to non-treated cells 










Figure 1. Workflow of the study. 
 
Figure 2.Viability HT-29 (dark grey) and HCT116 (light grey) colon cancer cells exposed to different 
concentrations (10-100 µM) of CA (A), CS (B) and RS (C) for 24h.  (* indicates significant 
differences between the treated and control samples as determined by t-test, P < 0.05). Error bars 
represent standard error of the mean (SEM). 
 
Figure 3. Viability of undifferentiated (dark grey) and differentiated (light grey) HepaRG cells 
exposed to different concentrations (10-100 µM) of CA (A), CS (B) and RS (C) for 24h. (* indicates 
significant differences between the treated and control samples as determined by t-test, P < 0.05). 
Error bars represent standard error of the mean (SEM). 
 
Figure 4. Score plot for PCA model built with the whole dataset obtained from the different analytical 
platforms, for control HepaRG cells (black), and HepaRG cells exposed to CA (dark grey), CS (light 




































































































































































































































































































































Supplementary Figure 1 
PCA score plots of control (blue), CA-treated (green), CS-treated (red), and RS-treated (yellow) 
HepaRG cells. (A) C8/LC-MS, ESI+ (R2 = 0.524, Q2 = 0.075), (B) C8/LC-MS, ESI- (R2 = 0.502, Q2 = 
0.044), (C) C18/LC-MS, ESI+ (R2 = 0.623, Q2 = 0.080), (D) C18/LC-MS, ESI- (R2 = 0.587, Q2 = 











 Supplementary Table 1. Differentiating metabolites between carnosic acid-treated cells and 
control cells. 
 
Results from C8/LC-MS with ESI in positive mode 
No. Mass Retention Time p (Corr)  Regulation  
CA-C8pos-001 234.1582 0.612 4.79231E-02 up 
CA-C8pos-002 117.0792 0.617 1.97028E-02 up 
CA-C8pos-003 245.1631 4.579 1.17149E-02 down 
CA-C8pos-004 187.1212 5.402 4.27920E-02 down 
CA-C8pos-005 434.1602 8.412 2.69920E-02 down 
CA-C8pos-006 541.8991 8.510 1.47755E-02 down 
CA-C8pos-007 157.1471 8.652 1.17149E-02 up 
CA-C8pos-008 462.2261 8.780 1.78000E-11 up 
CA-C8pos-009 530.2137 8.780 7.08000E-11 up 
CA-C8pos-010 525.258 8.781 1.58000E-11 up 
CA-C8pos-011 313.2253 8.849 1.17149E-02 up 
CA-C8pos-012 313.2263 8.849 1.17149E-02 up 
CA-C8pos-013 335.2081 8.850 1.17149E-02 up 
CA-C8pos-014 542.2553 9.028 1.17149E-02 down 
CA-C8pos-015 208.1467 9.031 3.22487E-02 down 
CA-C8pos-016 341.2583 9.112 1.40716E-02 up 
CA-C8pos-017 315.2785 9.256 3.48417E-02 down 
CA-C8pos-018 362.3046 9.586 3.91768E-02 up 
CA-C8pos-019 447.2855 9.598 1.17149E-02 up 
CA-C8pos-020 637.4777 10.123 1.24902E-02 down 
CA-C8pos-021 707.5069 10.842 1.17149E-02 up 
 
Results from C8/LC-MS with ESI in negative mode 
No. Mass Retention Time p (Corr)  Regulation  
CA-C8neg-001 118.0628 3.176 1.59389E-02 down 
CA-C8neg-002 219.1107 3.503 4.16151E-02 up 
CA-C8neg-003 379.1054 4.367 8.88849E-16 up 
CA-C8neg-004 413.0566 8.403 3.30937E-02 down 
CA-C8neg-005 515.2917 8.629 4.79485E-17 down 
CA-C8neg-006 508.2313 8.863 1.10850E-16 up 
CA-C8neg-007 598.2002 8.864 8.88849E-16 up 
CA-C8neg-008 688.169 8.864 3.30937E-02 up 
CA-C8neg-009 530.213 8.864 1.36358E-16 up 
CA-C8neg-010 666.1873 8.864 3.30937E-02 up 
CA-C8neg-011 361.2826 9.260 3.30937E-02 down 
 
Results from C18/LC-MS with ESI in positive mode 
No. Mass Retention Time p (Corr)  Regulation  
CA-C18pos-001 674.5329 6.343 3.01724E-07 up 
CA-C18pos-002 301.2973 6.407 1.03643E-07 up 
CA-C18pos-003 301.2972 6.407 1.03643E-07 up 
CA-C18pos-004 503.0962 7.413 8.14380E-09 down 
CA-C18pos-005 349.2585 8.422 5.80877E-12 down 
CA-C18pos-006 533.4988 8.592 3.53228E-12 down 
CA-C18pos-007 533.499 8.672 8.94035E-09 up 
CA-C18pos-008 683.3697 8.704 4.43461E-09 up 
CA-C18pos-009 683.3697 8.991 1.66877E-07 down 
CA-C18pos-010 407.3628 9.436 9.31795E-09 down 
CA-C18pos-011 407.3617 9.457 9.31795E-09 down 
CA-C18pos-012 407.3252 9.457 8.94035E-09 down 
CA-C18pos-013 407.3251 9.457 8.94035E-09 down 
CA-C18pos-014 407.3624 9.471 9.31795E-09 down 
CA-C18pos-015 566.4143 10.152 4.53337E-08 up 
CA-C18pos-016 680.2017 10.464 4.43461E-09 down 
CA-C18pos-017 680.2008 10.468 4.43461E-09 down 
 
Results from C18/LC-MS with ESI in negative mode 
No. Mass Retention Time p (Corr)  Regulation  
CA-C18neg-001 408.2147 4.508 0.02959881 up 
CA-C18neg-002 761.1557 5.157 0.017158514 down 
CA-C18neg-003 212.1046 5.659 1.6168736E-10 up 
CA-C18neg-004 768.5464 8.660 7.9252067E-7 up 
CA-C18neg-005 636.2978 9.143 0.013028642 down 
CA-C18neg-006 298.1585 9.152 8.970912E-9 up 
CA-C18neg-007 266.1553 9.588 1.0206398E-5 down 
CA-C18neg-008 356.1663 9.607 0.04066053 down 
CA-C18neg-009 392.2154 9.607 7.9252067E-7 down 
CA-C18neg-010 602.4516 9.609 8.432806E-10 down 
CA-C18neg-011 431.3242 9.675 3.1974193E-10 up 
CA-C18neg-012 513.2319 9.683 4.199384E-9 down 
CA-C18neg-013 266.1548 9.851 5.963521E-7 up 
CA-C18neg-014 947.3556 9.892 0.04066053 down 
CA-C18neg-015 326.1918 9.901 9.834602E-7 up 
CA-C18neg-016 930.3629 9.922 0.0040473435 up 
CA-C18neg-017 410.266 10.268 5.6684817E-9 up 
CA-C18neg-018 508.3761 10.562 0.020705163 up 
 
Results from GC-EI-MS 
No. Mass 
Base peak 
Retention Time p (Corr)  Regulation  
Polar fraction     
CA-GCMS-001 73.0467 6.668 1.21983E-03 down 
CA-GCMS-002 73.0454 6.832 1.28918E-05 down 
CA-GCMS-003 147.0657 7.449 2.41738E-02 down 
CA-GCMS-004 147.0658 7.987 3.81510E-02 down 
CA-GCMS-005 191.0017 10.383 7.88800E-07 down 
CA-GCMS-006 147.0658 10.427 3.48916E-02 down 
CA-GCMS-007 241.0476 10.744 2.47827E-04 down 
CA-GCMS-008 193.0490 11.160 2.15478E-06 down 
CA-GCMS-009 214.1257 11.721 2.46985E-03 down 
CA-GCMS-010 239.1556 11.807 6.43795E-03 down 
CA-GCMS-011 57.0698 12.373 3.48260E-03 up 
CA-GCMS-012 172.0787 12.509 3.85944E-07 down 
CA-GCMS-013 179.0235 12.673 1.28908E-02 down 
CA-GCMS-014 172.0774 12.769 1.21983E-03 down 
CA-GCMS-015 73.0467 16.556 6.47950E-03 up 
CA-GCMS-016 73.0467 18.699 4.10233E-03 up 
CA-GCMS-017 73.0467 19.333 2.88377E-03 up 
CA-GCMS-018 73.0467 19.790 3.48916E-02 up 
CA-GCMS-019 75.0262 21.354 3.81942E-03 up 
Nonpolar fraction     
CA-GCMS-020 73.0452 7.984 1.33859E-03 up 
CA-GCMS-021 73.0452 8.465 1.73166E-03 up 
CA-GCMS-022 147.0656 9.870 1.09944E-02 up 
CA-GCMS-023 172.0796 12.509 4.18256E-04 up 
CA-GCMS-024 73.0454 18.701 3.12702E-02 down 
CA-GCMS-025 57.0699 26.713 1.73166E-03 down 
 
Supplementary Table 2. Differentiating metabolites between carnosol-treated cells and control 
cells. 
Results from C8/LC-MS with ESI in positive mode 
No. Mass Retention Time p (Corr)  Regulation  
CS-C8pos-001 291.2049 4.172 2.61331E-02 down 
CS-C8pos-002 275.2102 5.426 1.74311E-02 down 
CS-C8pos-003 347.2676 7.194 1.74311E-02 down 
CS-C8pos-004 987.8173 8.163 2.61331E-02 up 
CS-C8pos-005 434.1602 8.412 1.96612E-03 down 
CS-C8pos-006 289.0676 8.452 1.11213E-02 down 
CS-C8pos-007 317.2727 8.508 4.99146E-02 down 
CS-C8pos-008 541.8991 8.510 2.34615E-03 down 
CS-C8pos-009 315.2415 8.603 3.52535E-02 down 
CS-C8pos-010 313.2263 8.849 2.34615E-03 up 
CS-C8pos-011 313.2253 8.849 2.34615E-03 up 
CS-C8pos-012 335.2081 8.850 2.34615E-03 up 
CS-C8pos-013 542.2553 9.028 1.40476E-03 down 
CS-C8pos-014 488.2078 9.036 2.61331E-02 down 
CS-C8pos-015 365.253 9.038 2.61331E-02 up 
CS-C8pos-016 325.2622 9.039 4.75483E-03 up 
CS-C8pos-017 325.2622 9.039 4.75483E-03 up 
CS-C8pos-018 343.271 9.040 4.75483E-03 up 
CS-C8pos-019 341.2583 9.112 1.40476E-03 up 
CS-C8pos-020 415.2573 9.115 3.52535E-02 down 
CS-C8pos-021 386.3159 9.118 1.74311E-02 up 
CS-C8pos-022 295.2521 9.209 6.49013E-03 up 
CS-C8pos-023 315.2785 9.256 3.03553E-03 down 
CS-C8pos-024 335.3048 9.596 2.74802E-02 down 
CS-C8pos-025 335.2698 9.596 2.74802E-02 down 
CS-C8pos-026 447.2855 9.598 4.75483E-03 up 
CS-C8pos-027 376.319 9.699 1.98511E-02 down 
CS-C8pos-028 333.2982 9.706 4.62199E-02 down 
CS-C8pos-029 433.3771 10.101 4.62199E-02 down 
CS-C8pos-030 637.4782 10.123 2.23095E-02 down 
CS-C8pos-031 637.4777 10.123 1.36247E-02 down 
CS-C8pos-032 707.5069 10.842 1.17686E-02 up 
 
 
Results from C8/LC-MS with ESI in negative mode 
No. Mass Retention Time p (Corr)  Regulation  
CS-C8neg-001 191.9361 0.474 1.91647E-02 up 
CS-C8neg-002 967.008 0.483 1.91647E-02 down 
CS-C8neg-003 147.0534 0.577 3.54929E-02 down 
CS-C8neg-004 95.9328 0.577 2.13798E-03 down 
CS-C8neg-005 214.8969 0.882 2.07082E-02 down 
CS-C8neg-006 348.0501 0.904 2.32005E-02 up 
CS-C8neg-007 348.0507 0.908 2.32005E-02 up 
CS-C8neg-008 284.0758 3.047 5.14588E-04 down 
CS-C8neg-009 118.0628 3.176 1.91647E-02 down 
CS-C8neg-010 130.0631 3.934 1.91647E-02 down 
CS-C8neg-011 509.9359 8.050 1.91647E-02 down 
CS-C8neg-012 273.9849 8.117 1.91647E-02 up 
CS-C8neg-013 509.9362 8.169 1.91647E-02 down 
CS-C8neg-014 413.0566 8.403 3.66070E-15 down 
CS-C8neg-015 515.2917 8.629 4.79485E-17 down 
CS-C8neg-016 506.2156 8.646 2.06368E-02 up 
CS-C8neg-017 344.163 9.036 1.86224E-02 up 
CS-C8neg-018 491.1729 9.129 1.57560E-02 down 
CS-C8neg-019 482.0457 9.242 9.95896E-04 down 
CS-C8neg-020 361.2826 9.260 3.63407E-16 down 
CS-C8neg-021 135.9021 9.855 2.56679E-02 down 
 
Results from C18/LC-MS with ESI in positive mode 
No. Mass Retention Time p (Corr)  Regulation  
CS-C18pos-001 317.1044 0.485 2.42014E-02 up 
CS-C18pos-002 317.1049 0.485 2.42014E-02 up 
CS-C18pos-003 187.1685 0.548 1.09649E-02 up 
CS-C18pos-004 187.1685 0.548 1.09649E-02 up 
CS-C18pos-005 201.2092 3.231 1.84768E-10 down 
CS-C18pos-006 199.1933 3.282 3.87251E-12 down 
CS-C18pos-007 185.214 4.083 1.56565E-04 down 
CS-C18pos-008 185.2144 4.083 1.56565E-04 down 
CS-C18pos-009 440.145 5.045 4.51837E-11 up 
CS-C18pos-010 317.2931 5.272 5.83263E-12 down 
CS-C18pos-011 317.2933 5.364 3.05996E-06 up 
CS-C18pos-012 273.2668 5.385 1.05682E-02 down 
CS-C18pos-013 273.2672 5.385 1.05682E-02 down 
CS-C18pos-014 386.1727 5.675 4.51837E-11 up 
CS-C18pos-015 386.173 5.893 4.85211E-11 down 
CS-C18pos-016 386.1612 5.959 1.17968E-03 down 
CS-C18pos-017 674.5329 6.343 3.00579E-09 up 
CS-C18pos-018 528.3493 6.487 1.50557E-09 up 
CS-C18pos-019 401.3859 7.203 4.65519E-11 up 
CS-C18pos-020 512.381 7.330 2.85983E-02 down 
CS-C18pos-021 429.3822 7.392 1.26717E-06 up 
CS-C18pos-022 478.4848 8.299 6.04165E-10 down 
CS-C18pos-023 478.4847 8.332 3.42657E-09 down 
CS-C18pos-024 349.2585 8.422 3.87251E-12 down 
CS-C18pos-025 478.4846 8.425 1.10249E-08 up 
CS-C18pos-026 532.4942 8.580 7.03797E-08 down 
CS-C18pos-027 533.4988 8.592 3.53228E-12 down 
CS-C18pos-028 533.499 8.672 1.26717E-06 up 
CS-C18pos-029 532.4951 8.676 1.68695E-07 up 
CS-C18pos-030 683.3697 8.704 9.83304E-09 up 
CS-C18pos-031 442.327 8.987 4.51837E-11 down 
CS-C18pos-032 683.3697 8.991 8.61300E-08 down 
CS-C18pos-033 586.5419 9.114 4.51837E-11 down 
CS-C18pos-034 586.5429 9.125 2.92932E-11 down 
CS-C18pos-035 317.3096 9.135 1.85627E-09 down 
CS-C18pos-036 588.5578 9.146 2.50476E-09 down 
CS-C18pos-037 586.5459 9.197 4.51837E-11 down 
CS-C18pos-038 588.5612 9.214 2.50476E-09 down 
CS-C18pos-039 407.3628 9.436 4.14131E-09 down 
CS-C18pos-040 407.3617 9.457 4.14131E-09 down 
CS-C18pos-041 407.3252 9.457 3.42657E-09 down 
CS-C18pos-042 407.3251 9.457 3.42657E-09 down 
CS-C18pos-043 407.3624 9.471 4.14131E-09 down 
CS-C18pos-044 441.3928 9.637 7.58185E-07 down 
CS-C18pos-045 441.3949 9.669 7.58185E-07 down 
CS-C18pos-046 684.43 10.528 2.14948E-02 down 
CS-C18pos-047 684.4306 10.553 4.11066E-02 down 
CS-C18pos-048 662.4486 10.641 9.60633E-12 down 
CS-C18pos-049 708.5113 10.685 6.11023E-10 down 
 
Results from C18/LC-MS with ESI in negative mode 
No. Mass Retention Time p (Corr)  Regulation  
CS-C18neg-001 132.021 0.589 1.60485E-07 down 
CS-C18neg-002 1032.985 0.710 7.94891E-07 down 
CS-C18neg-003 408.215 4.508 1.59982E-02 up 
CS-C18neg-004 1028.281 5.148 1.22619E-02 down 
CS-C18neg-005 413.056 5.151 3.90768E-04 down 
CS-C18neg-006 1051.287 5.155 4.36218E-10 down 
CS-C18neg-007 254.152 5.255 2.92206E-13 up 
CS-C18neg-008 486.098 5.959 1.02755E-02 down 
CS-C18neg-009 224.140 6.321 3.00335E-14 up 
CS-C18neg-010 389.269 6.684 2.57643E-02 up 
CS-C18neg-011 695.166 6.749 5.88663E-13 up 
CS-C18neg-012 725.836 6.966 2.15062E-05 down 
CS-C18neg-013 330.183 7.040 6.78587E-13 up 
CS-C18neg-014 491.173 7.111 7.87015E-04 down 
CS-C18neg-015 378.252 7.331 4.73967E-12 up 
CS-C18neg-016 768.546 8.660 1.17733E-07 up 
CS-C18neg-017 302.225 8.693 1.17737E-06 down 
CS-C18neg-018 304.240 9.111 2.80415E-02 down 
CS-C18neg-019 636.298 9.143 1.20935E-03 down 
CS-C18neg-020 158.908 9.557 4.45221E-06 down 
CS-C18neg-021 266.155 9.588 5.61945E-05 down 
CS-C18neg-022 256.241 9.598 3.99162E-04 up 
CS-C18neg-023 534.463 9.599 2.04870E-02 down 
CS-C18neg-024 341.219 9.599 1.61034E-07 down 
CS-C18neg-025 392.215 9.607 5.61009E-06 down 
CS-C18neg-026 602.452 9.609 1.01879E-08 down 
CS-C18neg-027 431.324 9.675 5.57751E-09 up 
CS-C18neg-028 421.296 9.683 8.61102E-09 up 
CS-C18neg-029 513.232 9.683 4.57355E-08 down 
CS-C18neg-030 636.293 9.703 7.86545E-03 up 
CS-C18neg-031 947.356 9.892 6.03945E-03 down 
CS-C18neg-032 930.363 9.922 3.51629E-03 up 
CS-C18neg-033 338.242 9.962 1.69675E-09 down 
CS-C18neg-034 340.207 9.994 9.32829E-06 up 
CS-C18neg-035 401.315 10.020 6.97629E-08 up 
CS-C18neg-036 410.266 10.268 4.03489E-09 up 
CS-C18neg-037 917.610 10.441 1.69675E-09 up 
CS-C18neg-038 508.376 10.562 1.28171E-02 up 
CS-C18neg-039 298.287 10.716 2.21665E-08 up 
 




Retention Time p (Corr) Regulation 
Polar fraction     
CS-GCMS-001 73.0454 6.665 8.88585E-04 down 
CS-GCMS-002 73.0454 6.830 1.89705E-05 down 
CS-GCMS-003 116.0887 7.449 2.80239E-05 down 
CS-GCMS-004 73.0468 7.718 1.59128E-02 up 
CS-GCMS-005 147.0656 7.988 1.28537E-03 down 
CS-GCMS-006 147.0656 8.271 2.67330E-03 down 
CS-GCMS-007 158.1367 10.164 1.38744E-02 down 
CS-GCMS-008 191.0017 10.407 4.39990E-06 down 
CS-GCMS-009 147.0656 10.451 9.92216E-04 down 
CS-GCMS-010 193.0487 11.188 2.72111E-04 down 
CS-GCMS-011 73.0454 11.468 1.41233E-02 down 
CS-GCMS-012 214.1257 11.754 4.09121E-04 down 
CS-GCMS-013 239.1573 11.839 9.66914E-04 down 
CS-GCMS-014 172.0787 12.544 4.73392E-06 down 
CS-GCMS-015 172.0787 12.804 4.56645E-03 down 
CS-GCMS-016 84.0922 13.301 3.65175E-02 down 
CS-GCMS-017 299.0722 16.192 1.38744E-02 down 
CS-GCMS-018 156.0839 17.636 1.38744E-02 down 
CS-GCMS-019 73.0454 18.699 1.40705E-02 down 
Nonpolar fraction     
CS-GCMS-020 170.1342 6.364 1.14939E-02 down 
CS-GCMS-021 147.0658 7.984 1.37500E-08 down 
CS-GCMS-022 73.0453 8.022 9.44289E-17 up 
CS-GCMS-023 203.1801 10.919 1.00760E-05 up 
CS-GCMS-024 73.0455 11.439 4.71886E-13 up 
CS-GCMS-025 69.0697 13.150 9.44289E-17 up 
CS-GCMS-026 239.1566 17.959 1.65219E-03 down 
CS-GCMS-027 75.0257 20.419 1.25734E-03 down 
CS-GCMS-028 73.0454 20.469 7.82361E-04 down 
CS-GCMS-029 73.0453 20.525 5.20442E-03 down 
CS-GCMS-030 98.0719 21.306 3.95634E-03 down 
CS-GCMS-031 98.0719 21.358 1.14939E-02 down 
CS-GCMS-032 73.0453 21.531 7.52667E-14 up 
CS-GCMS-033 73.0453 21.745 2.47473E-05 down 
CS-GCMS-034 57.0700 21.925 4.13982E-02 up 
CS-GCMS-035 463.0863 26.081 8.71446E-03 up 
 
Supplementary Table 3. Differentiating metabolites between rosmanol-treated cells and 
control cells. 
Results from C8/LC-MS with ESI in positive mode 
No. Mass Retention Time p (Corr)  Regulation  
RS-C8pos-001 235.065 0.504 1.89445E-02 up 
RS-C8pos-002 231.033 0.505 1.86089E-02 up 
RS-C8pos-003 139.061 0.598 1.07186E-02 up 
RS-C8pos-004 208.085 3.117 1.15051E-02 up 
RS-C8pos-005 302.064 3.263 1.15051E-02 up 
RS-C8pos-006 219.111 3.516 5.59885E-13 up 
RS-C8pos-007 291.205 4.172 1.15051E-02 down 
RS-C8pos-008 129.152 4.337 4.91360E-02 up 
RS-C8pos-009 199.194 5.290 1.15051E-02 up 
RS-C8pos-010 275.210 5.426 2.24148E-11 down 
RS-C8pos-011 607.379 5.980 1.15051E-02 down 
RS-C8pos-012 170.142 7.109 3.86291E-02 up 
RS-C8pos-013 347.268 7.194 9.38855E-13 down 
RS-C8pos-014 447.172 7.574 9.97467E-17 up 
RS-C8pos-015 651.247 7.761 3.24352E-16 up 
RS-C8pos-016 987.994 8.154 1.15051E-02 up 
RS-C8pos-017 1973.275 8.160 1.15051E-02 up 
RS-C8pos-018 1863.328 8.167 1.15051E-02 up 
RS-C8pos-019 218.168 8.231 2.88499E-02 up 
RS-C8pos-020 263.226 8.232 4.27861E-03 down 
RS-C8pos-021 544.193 8.238 1.15051E-02 up 
RS-C8pos-022 539.239 8.239 3.24352E-16 up 
RS-C8pos-023 469.128 8.406 1.02144E-02 down 
RS-C8pos-024 434.160 8.412 1.99354E-02 down 
RS-C8pos-025 317.273 8.508 2.02527E-02 down 
RS-C8pos-026 541.899 8.510 4.18800E-06 down 
RS-C8pos-027 287.247 8.533 1.33544E-02 up 
RS-C8pos-028 315.242 8.603 4.73282E-03 down 
RS-C8pos-029 224.189 8.689 3.64626E-02 up 
RS-C8pos-030 427.917 8.786 1.15051E-02 up 
RS-C8pos-031 337.259 8.820 1.15051E-02 up 
RS-C8pos-032 358.320 8.846 1.15051E-02 up 
RS-C8pos-033 313.225 8.849 3.02443E-04 up 
RS-C8pos-034 335.208 8.850 1.89339E-04 up 
RS-C8pos-035 356.950 8.859 3.24352E-16 down 
RS-C8pos-036 569.923 8.860 1.48567E-14 down 
RS-C8pos-037 611.368 8.912 3.74534E-13 down 
RS-C8pos-038 333.229 8.940 4.82956E-02 down 
RS-C8pos-039 422.083 9.023 1.15051E-02 up 
RS-C8pos-040 542.255 9.028 7.69424E-07 down 
RS-C8pos-041 208.147 9.031 8.75878E-03 down 
RS-C8pos-042 343.115 9.032 1.99641E-06 down 
RS-C8pos-043 488.208 9.036 1.15051E-02 down 
RS-C8pos-044 365.253 9.038 3.27277E-03 up 
RS-C8pos-045 325.262 9.039 1.27213E-04 up 
RS-C8pos-046 325.262 9.039 1.12514E-04 up 
RS-C8pos-047 343.271 9.040 3.02443E-04 up 
RS-C8pos-048 588.062 9.051 1.11920E-02 down 
RS-C8pos-049 341.258 9.112 3.86436E-04 up 
RS-C8pos-050 399.312 9.114 2.28962E-02 down 
RS-C8pos-051 386.316 9.118 2.17609E-03 up 
RS-C8pos-052 453.286 9.127 1.15051E-02 up 
RS-C8pos-053 295.252 9.209 3.86436E-04 up 
RS-C8pos-054 315.279 9.256 1.30914E-03 down 
RS-C8pos-055 195.163 9.300 1.54396E-03 down 
RS-C8pos-056 293.200 9.338 1.91973E-02 down 
RS-C8pos-057 516.466 9.391 8.68807E-15 up 
RS-C8pos-058 204.079 9.443 1.62451E-02 down 
RS-C8pos-059 278.153 9.444 1.86089E-02 down 
RS-C8pos-060 318.241 9.594 3.52638E-02 down 
RS-C8pos-061 335.305 9.596 3.16769E-03 down 
RS-C8pos-062 335.270 9.596 3.57510E-03 down 
RS-C8pos-063 447.286 9.598 1.30914E-03 up 
RS-C8pos-064 643.489 9.829 1.89445E-02 down 
RS-C8pos-065 653.508 10.044 1.52087E-02 down 
RS-C8pos-066 609.482 10.058 1.86089E-02 down 
RS-C8pos-067 565.456 10.071 1.89445E-02 down 
RS-C8pos-068 422.245 10.088 1.33544E-02 down 
RS-C8pos-069 477.404 10.093 1.02144E-02 down 
RS-C8pos-070 433.377 10.101 1.15051E-02 down 
RS-C8pos-071 482.359 10.109 6.36214E-13 up 
RS-C8pos-072 461.408 10.116 1.15051E-02 up 
RS-C8pos-073 627.186 10.208 3.24352E-16 down 
RS-C8pos-074 707.507 10.842 1.80387E-05 up 
 
Results from C8/LC-MS with ESI in negative mode 
No. Mass Retention Time p (Corr)  Regulation  
RS-C8neg-001 191.936 0.474 2.54501E-02 up 
RS-C8neg-002 967.008 0.483 1.12986E-02 down 
RS-C8neg-003 113.993 0.515 1.56491E-02 down 
RS-C8neg-004 216.040 0.570 2.04185E-02 up 
RS-C8neg-005 147.053 0.577 3.08855E-03 down 
RS-C8neg-006 168.028 0.883 1.03519E-02 down 
RS-C8neg-007 303.073 3.033 4.27693E-02 up 
RS-C8neg-008 284.076 3.047 4.09642E-05 down 
RS-C8neg-009 635.078 3.073 7.30803E-03 up 
RS-C8neg-010 118.063 3.176 4.40358E-04 down 
RS-C8neg-011 219.111 3.503 1.06118E-05 up 
RS-C8neg-012 130.063 3.934 3.34368E-03 down 
RS-C8neg-013 565.102 4.268 7.84584E-03 down 
RS-C8neg-014 563.107 4.268 1.12986E-02 down 
RS-C8neg-015 339.018 4.270 3.92549E-02 down 
RS-C8neg-016 380.960 4.324 9.46160E-03 down 
RS-C8neg-017 379.105 4.367 8.64000E-03 up 
RS-C8neg-018 173.999 4.459 2.50434E-03 down 
RS-C8neg-019 264.111 4.707 3.78390E-16 up 
RS-C8neg-020 465.182 7.581 1.57674E-18 up 
RS-C8neg-021 487.165 7.583 1.21485E-16 up 
RS-C8neg-022 673.228 7.813 1.39437E-15 up 
RS-C8neg-023 651.246 7.814 1.49390E-16 up 
RS-C8neg-024 408.215 7.958 1.41821E-02 up 
RS-C8neg-025 447.226 7.964 1.05572E-14 up 
RS-C8neg-026 509.936 8.050 2.05277E-03 down 
RS-C8neg-027 556.880 8.088 4.27693E-02 down 
RS-C8neg-028 334.099 8.100 3.85505E-02 up 
RS-C8neg-029 901.824 8.113 4.82985E-03 down 
RS-C8neg-030 509.936 8.169 1.85214E-03 down 
RS-C8neg-031 522.210 8.247 1.49390E-16 up 
RS-C8neg-032 435.172 8.309 8.64444E-03 up 
RS-C8neg-033 442.167 8.343 1.73687E-03 up 
RS-C8neg-034 413.057 8.403 1.09821E-15 down 
RS-C8neg-035 306.089 8.551 1.41821E-02 up 
RS-C8neg-036 515.292 8.629 7.84584E-03 down 
RS-C8neg-037 346.179 8.669 2.88120E-13 up 
RS-C8neg-038 240.067 8.690 2.42322E-02 up 
RS-C8neg-039 376.135 8.906 6.38027E-24 up 
RS-C8neg-040 376.135 8.986 1.29265E-14 up 
RS-C8neg-041 195.089 8.999 1.91803E-04 up 
RS-C8neg-042 376.135 9.108 1.57264E-12 up 
RS-C8neg-043 491.173 9.129 1.80989E-03 down 
RS-C8neg-044 376.135 9.216 3.50940E-17 up 
RS-C8neg-045 482.046 9.242 7.73474E-05 down 
RS-C8neg-046 361.283 9.260 1.21485E-16 down 
RS-C8neg-047 222.162 9.333 1.34010E-03 up 
RS-C8neg-048 166.048 9.473 9.85099E-03 up 
RS-C8neg-049 279.184 9.592 4.27693E-02 up 
RS-C8neg-050 357.156 9.600 7.30803E-03 up 
RS-C8neg-051 260.847 9.825 8.64444E-03 down 
RS-C8neg-052 135.902 9.855 1.66262E-03 down 
RS-C8neg-053 360.158 9.857 3.38703E-18 up 
RS-C8neg-054 284.112 9.867 8.64444E-03 up 
RS-C8neg-055 426.135 10.082 1.13636E-15 up 
 
Results from C18/LC-MS with ESI in positive mode 
No. Mass Retention Time p (Corr)  Regulation  
RS-C18pos-001 154.147 2.739 2.38488E-14 down 
RS-C18pos-002 154.146 2.739 2.38488E-14 down 
RS-C18pos-003 201.209 3.231 1.03470E-10 down 
RS-C18pos-004 199.193 3.282 9.68128E-13 down 
RS-C18pos-005 171.126 3.490 8.06320E-03 down 
RS-C18pos-006 171.126 3.490 8.06320E-03 down 
RS-C18pos-007 183.126 3.751 8.26486E-03 down 
RS-C18pos-008 183.126 3.751 8.26486E-03 down 
RS-C18pos-009 185.214 4.083 1.33881E-04 down 
RS-C18pos-010 185.214 4.083 1.33881E-04 down 
RS-C18pos-011 170.142 4.206 1.23982E-02 down 
RS-C18pos-012 170.142 4.207 1.80677E-03 down 
RS-C18pos-013 272.156 4.496 8.86242E-13 down 
RS-C18pos-014 226.157 4.990 3.89336E-02 down 
RS-C18pos-015 317.293 5.272 1.79465E-12 down 
RS-C18pos-016 317.293 5.364 5.11887E-07 up 
RS-C18pos-017 386.173 5.675 5.89873E-10 up 
RS-C18pos-018 386.173 5.893 3.00369E-11 down 
RS-C18pos-019 408.140 5.961 3.65629E-14 down 
RS-C18pos-020 408.149 5.962 3.65629E-14 down 
RS-C18pos-021 703.461 6.028 2.72733E-06 up 
RS-C18pos-022 310.178 6.232 3.25781E-02 up 
RS-C18pos-023 310.178 6.232 3.25781E-02 up 
RS-C18pos-024 299.283 6.249 5.89873E-10 up 
RS-C18pos-025 311.246 6.282 2.17995E-02 down 
RS-C18pos-026 315.277 6.283 6.94912E-04 up 
RS-C18pos-027 315.278 6.285 3.42646E-03 up 
RS-C18pos-028 674.533 6.343 5.46078E-08 up 
RS-C18pos-029 792.474 6.368 1.62409E-03 down 
RS-C18pos-030 792.471 6.368 1.59387E-03 down 
RS-C18pos-031 1150.710 6.371 9.68128E-13 down 
RS-C18pos-032 574.858 6.373 3.51982E-11 down 
RS-C18pos-033 1150.711 6.374 9.68128E-13 down 
RS-C18pos-034 722.581 6.422 1.09770E-04 up 
RS-C18pos-035 361.290 6.474 2.34013E-08 up 
RS-C18pos-036 329.330 6.643 1.04451E-04 up 
RS-C18pos-037 329.329 6.645 1.04451E-04 up 
RS-C18pos-038 373.355 6.655 3.77185E-09 up 
RS-C18pos-039 311.246 6.700 3.44065E-02 down 
RS-C18pos-040 311.246 6.700 3.44065E-02 down 
RS-C18pos-041 285.303 6.719 1.20307E-08 up 
RS-C18pos-042 425.316 6.953 1.03470E-10 down 
RS-C18pos-043 341.212 7.027 1.38332E-03 up 
RS-C18pos-044 425.313 7.081 6.40408E-06 up 
RS-C18pos-045 437.350 7.136 1.04747E-11 down 
RS-C18pos-046 401.386 7.203 5.89873E-10 up 
RS-C18pos-047 401.386 7.282 5.89873E-10 up 
RS-C18pos-048 401.386 7.282 5.89873E-10 up 
RS-C18pos-049 401.386 7.282 5.89873E-10 up 
RS-C18pos-050 429.382 7.392 5.05066E-11 up 
RS-C18pos-051 503.096 7.413 1.11052E-09 down 
RS-C18pos-052 295.251 7.421 4.48826E-02 up 
RS-C18pos-053 443.323 7.739 6.21668E-07 down 
RS-C18pos-054 443.325 7.740 6.21668E+00 down 
RS-C18pos-055 455.398 7.997 4.65113E-12 down 
RS-C18pos-056 455.397 8.017 3.48993E-10 down 
RS-C18pos-057 278.151 8.048 1.18153E-02 down 
RS-C18pos-058 278.151 8.048 1.18153E-02 down 
RS-C18pos-059 148.016 8.049 2.49889E-02 down 
RS-C18pos-060 148.016 8.049 2.49889E-02 down 
RS-C18pos-061 488.434 8.178 1.51592E-11 down 
RS-C18pos-062 488.434 8.242 1.68333E-09 up 
RS-C18pos-063 478.485 8.299 3.23660E-10 down 
RS-C18pos-064 478.485 8.332 1.71328E-09 down 
RS-C18pos-065 281.271 8.365 4.36890E-02 down 
RS-C18pos-066 697.349 8.380 8.28565E-08 down 
RS-C18pos-067 327.277 8.400 1.71122E-02 down 
RS-C18pos-068 327.277 8.404 1.49279E-02 down 
RS-C18pos-069 349.259 8.422 9.68128E-13 down 
RS-C18pos-070 478.485 8.425 2.71550E-10 up 
RS-C18pos-071 532.494 8.580 3.57863E-08 down 
RS-C18pos-072 533.499 8.592 5.04612E-13 down 
RS-C18pos-073 533.499 8.672 1.02368E-07 up 
RS-C18pos-074 532.495 8.676 3.85688E-08 up 
RS-C18pos-075 683.370 8.704 7.71711E-10 up 
RS-C18pos-076 683.371 8.704 8.72773E-03 down 
RS-C18pos-077 683.370 8.704 8.86740E-03 down 
RS-C18pos-078 199.194 8.903 2.90011E-03 down 
RS-C18pos-079 199.194 8.903 2.90011E-03 down 
RS-C18pos-080 442.327 8.987 1.99228E-11 down 
RS-C18pos-081 255.256 8.987 1.95210E-02 down 
RS-C18pos-082 683.370 8.991 4.37710E-08 down 
RS-C18pos-083 586.542 9.114 2.48510E-11 down 
RS-C18pos-084 317.310 9.135 7.95545E-10 down 
RS-C18pos-085 681.361 9.152 1.21358E-02 down 
RS-C18pos-086 681.359 9.152 1.21358E-02 down 
RS-C18pos-087 451.351 9.425 5.89873E-10 down 
RS-C18pos-088 407.363 9.436 2.19246E-09 down 
RS-C18pos-089 407.362 9.457 2.19246E-09 down 
RS-C18pos-090 407.325 9.457 1.71198E-09 down 
RS-C18pos-091 407.325 9.457 1.71198E-09 down 
RS-C18pos-092 407.362 9.471 2.19246E-09 down 
RS-C18pos-093 521.591 9.514 1.84611E-08 up 
RS-C18pos-094 441.393 9.637 3.84751E-07 down 
RS-C18pos-095 406.289 9.659 1.60326E-08 down 
RS-C18pos-096 406.289 9.661 1.77322E-08 down 
RS-C18pos-097 441.395 9.669 3.84751E-07 down 
RS-C18pos-098 567.422 10.159 5.74147E-10 down 
RS-C18pos-099 405.323 10.281 1.88587E-11 down 
RS-C18pos-100 405.323 10.281 2.79922E-10 down 
RS-C18pos-101 405.324 10.282 8.32744E-10 down 
RS-C18pos-102 695.265 10.303 5.79970E-14 down 
RS-C18pos-103 695.263 10.305 9.37482E-15 down 
RS-C18pos-104 680.202 10.464 5.89873E-10 down 
RS-C18pos-105 680.201 10.468 5.89873E-10 down 
RS-C18pos-106 722.508 10.488 1.32859E-07 down 
RS-C18pos-107 685.435 10.638 4.55708E-09 down 
RS-C18pos-108 662.449 10.641 3.43083E-12 down 
RS-C18pos-109 708.511 10.685 3.37116E-10 down 
RS-C18pos-110 707.508 10.712 3.94756E-02 down 
 
Results from C18/LC-MS with ESI in negative mode 
No. Mass Retention Time p (Corr)  Regulation  
RS-C18neg-001 407.231 3.575 8.86540E-03 up 
RS-C18neg-002 408.215 4.508 1.40208E-03 up 
RS-C18neg-003 447.226 4.511 1.39513E-12 up 
RS-C18neg-004 926.562 4.873 4.02158E-02 up 
RS-C18neg-005 1028.281 5.148 1.49765E-03 down 
RS-C18neg-006 1038.310 5.149 8.26057E-03 down 
RS-C18neg-007 1039.313 5.149 9.37743E-03 down 
RS-C18neg-008 1036.315 5.149 7.67409E-03 down 
RS-C18neg-009 413.056 5.151 9.09139E-04 down 
RS-C18neg-010 1010.316 5.153 1.37285E-11 down 
RS-C18neg-011 1051.287 5.155 5.20847E-12 down 
RS-C18neg-012 254.152 5.255 3.96568E-13 up 
RS-C18neg-013 486.098 5.959 3.70340E-03 down 
RS-C18neg-014 471.202 6.379 3.96568E-13 up 
RS-C18neg-015 258.056 6.509 5.16764E-12 down 
RS-C18neg-016 294.183 6.540 1.90164E-02 up 
RS-C18neg-017 389.269 6.684 3.03515E-02 up 
RS-C18neg-018 435.273 6.684 1.31872E-02 up 
RS-C18neg-019 725.836 6.966 1.97792E-06 down 
RS-C18neg-020 491.173 7.111 6.05250E-04 down 
RS-C18neg-021 541.338 7.133 9.09139E-04 up 
RS-C18neg-022 481.317 7.986 1.90164E-02 up 
RS-C18neg-023 636.298 9.143 6.05250E-04 down 
RS-C18neg-024 683.300 9.586 6.89476E-12 down 
RS-C18neg-025 266.155 9.588 5.90897E-06 down 
RS-C18neg-026 256.241 9.598 2.36629E-03 up 
RS-C18neg-027 341.219 9.599 6.29629E-09 down 
RS-C18neg-028 715.559 9.600 3.84770E-02 up 
RS-C18neg-029 392.215 9.607 4.06493E-07 down 
RS-C18neg-030 1015.819 9.607 3.96568E-13 up 
RS-C18neg-031 602.452 9.609 2.29986E-10 down 
RS-C18neg-032 652.331 9.665 2.36629E-03 up 
RS-C18neg-033 431.324 9.675 1.15418E-09 up 
RS-C18neg-034 513.232 9.683 1.19982E-09 down 
RS-C18neg-035 636.293 9.703 1.23716E-03 up 
RS-C18neg-036 354.209 9.775 4.66062E-02 down 
RS-C18neg-037 947.356 9.892 8.35343E-04 down 
RS-C18neg-038 920.333 9.913 1.06617E-07 up 
RS-C18neg-039 930.363 9.922 9.86538E-04 up 
RS-C18neg-040 338.242 9.962 2.27874E-11 down 
RS-C18neg-041 340.207 9.994 1.01999E-05 up 
RS-C18neg-042 401.315 10.020 8.70756E-10 up 
RS-C18neg-043 326.191 10.272 3.77135E-02 down 
RS-C18neg-044 529.423 10.358 1.48254E-02 up 
RS-C18neg-045 917.610 10.441 7.00183E-11 up 
RS-C18neg-046 508.376 10.562 2.77788E-03 up 
 
Results from GC-EI-MS 
No. Mass 
Base peak 
Retention Time p (Corr)  Regulation  
Polar fraction     
RS-GCMS-001 73.0454 6.668 4.40935E-03 down 
RS-GCMS-002 73.0454 6.832 3.95215E-08 down 
RS-GCMS-003 147.0655 7.450 7.59181E-04 down 
RS-GCMS-004 244.1231 7.527 3.45225E-03 down 
RS-GCMS-005 147.0655 7.989 4.93436E-05 down 
RS-GCMS-006 147.0655 8.271 2.37276E-02 down 
RS-GCMS-007 179.0235 9.568 1.07300E-08 down 
RS-GCMS-008 300.0737 9.856 6.16240E-03 down 
RS-GCMS-009 191.0017 10.405 1.10773E-04 down 
RS-GCMS-010 147.0655 10.450 1.57913E-04 down 
RS-GCMS-011 241.0482 10.769 1.10773E-04 down 
RS-GCMS-012 73.0454 11.077 2.22225E-02 down 
RS-GCMS-013 193.0493 11.187 4.35674E-06 down 
RS-GCMS-014 214.1257 11.755 2.43915E-03 down 
RS-GCMS-015 239.1569 11.837 5.99067E-04 down 
RS-GCMS-016 71.0845 12.497 4.34898E-03 down 
RS-GCMS-017 172.0793 12.542 5.59825E-04 down 
RS-GCMS-018 84.0917 13.301 6.62359E-03 down 
RS-GCMS-019 73.0454 15.947 2.07751E-02 down 
RS-GCMS-020 147.0655 17.368 1.83177E-03 up 
RS-GCMS-021 147.0655 17.430 7.02355E-03 up 
RS-GCMS-022 73.0452 17.527 3.83086E-03 up 
RS-GCMS-023 73.0454 19.333 2.43915E-03 down 
Nonpolar fraction     
RS-GCMS-024 75.0257 6.137 1.22651E-04 up 
RS-GCMS-025 147.0655 6.832 5.23084E-03 down 
RS-GCMS-026 154.9924 7.594 4.13745E-02 down 
RS-GCMS-027 147.0655 8.065 3.22940E-02 up 
RS-GCMS-028 73.0454 8.465 6.51918E-04 up 
RS-GCMS-029 73.0466 11.441 5.15894E-03 up 
RS-GCMS-030 172.0786 12.509 1.67529E-04 up 
RS-GCMS-031 73.0454 18.704 1.39007E-02 down  
RS-GCMS-032 75.0257 20.419 3.32920E-04 down 
RS-GCMS-033 73.0454 20.469 2.54851E-05 down 
RS-GCMS-034 73.0454 20.524 2.69404E-05 down 
RS-GCMS-035 69.0698 20.879 3.15617E-02 down 
RS-GCMS-036 98.0723 21.306 2.76823E-04 down 
RS-GCMS-037 98.0723 21.357 5.16301E-05 down 
RS-GCMS-038 85.1006 21.580 4.32664E-02 down 
RS-GCMS-039 69.0698 25.295 6.41904E-07 down 

















































5. DISCUSIÓN GENERAL 
Los resultados de esta Tesis Doctoral muestran nuevas aproximaciones metodológicas para el desarrollo 
de herramientas metabolómicas utilizando una multiplataforma analítica que combina el uso de técnicas 
de CE-MS, LC-MS y GC-MS, así como su aplicación en investigaciones relacionadas con la 
Alimentómica. En concreto el Capítulo 3 muestra un nuevo desarrollo metodológico para CE-MS en el 
que se emplea un nuevo recubrimiento capilar catiónico y se demuestra su utilidad para el análisis rápido 
y estable de metabolitos aniónicos y la separación de péptidos y proteínas básicas reduciendo los 
fenómenos de adsorción, dos problemas analíticos en el análisis por CE-MS. En el Capítulo 4, se muestra 
la aplicación de la metabolómica para evaluar el efecto de los principales diterpenos fenólicos del romero 
(ácido carnósico, carnosol y rosmanol) en células HepaRG, un modelo celular que permite determinar la 
posible toxicidad de compuestos sin emplear animales. A continuación se discuten de una manera 
pormenorizada los resultados de cada uno de los mencionados capítulos. 
Para ayudar a situar en el marco adecuado de los resultados del Capítulo 3, es interesante mencionar que 
la CE-MS es una potente herramienta analítica complementaria a los acoplamientos LC-MS y GC-MS, ya 
que permite el análisis de compuestos iónicos o de mayor polaridad que son difíciles de analizar mediante 
las otras técnicas. El acoplamiento CE-MS presenta ciertas dificultades técnicas que limitan la robustez de 
la técnica y que comprometen la sensibilidad y la reproducibilidad de los tiempos de migración, lo que 
limita la aplicabilidad de la técnica, especialmente en el campo del análisis de proteínas y metabolitos 
aniónicos. En esta Tesis Doctoral hemos avanzado en el desarrollo de recubrimientos poliméricos con el 
fin de disminuir estas limitaciones y hemos demostrado su gran potencial en el análisis de alimentos. 
En concreto, se han investigado las propiedades de diferentes recubrimientos capilares poliméricos 
basados en un homopolímero catiónico de TEDETAMA y tres copolímeros de TEDETAMA, estos 
últimos sintetizados con unidades neutras de HPMA en diferentes porcentajes molares (25%, 50% y 
75%). Con fines comparativos, se incluyeron en el estudio un capilar de sílice fundida sin recubrir y un 
capilar recubierto con un polímero catiónico comercial. Tal y como se esperaba, se observó el típico EOF 
catódico en el capilar de sílice fundida, mientras que en los capilares recubiertos con los polímeros 
catiónicos de TEDETAMA se observó un flujo electroosmótico anódico en todo el intervalo de pH 
estudiado (1.9-10), con valores de EOF próximos a cero a pHs cerca de 10. Este comportamiento se 
puede explicar debido a la desprotonación de los grupos amino de los polímeros TEDETAMA, puesto 
que el pKa de las aminas alifáticas terciarias de su estructura es en torno a 8.5. La reproducibilidad de los 
tiempos de migración presentó valores de %RSD inferiores a 2.4% para todos los copolímeros de 
TEDETAMA. La separación a línea base de las proteínas básicas se obtuvo únicamente con los 
copolímeros de TEDETAMA con 75% y 50% de HPMA, siendo éste último porcentaje el que aportaba 
los tiempos de migración más cortos. Así, se alcanzó un compromiso óptimo entre tiempo de migración y 
resolución con el capilar recubierto con el polímero TEDETAMA-co-HPMA (50:50). En estas 
condiciones, se obtuvo una buena reproducibilidad en el mismo día de los tiempos de migración y las 
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áreas de pico, con %RSD por debajo de 0.7% y 2%, respectivamente. Se demostró además que el 
polímero no afecta a la señal de MS y permite el análisis de péptidos y proteínas en tiempos cortos de 
migración y con buena resolución. Con el fin de demostrar la utilidad de este recubrimiento polimérico, 
se llevó a cabo el análisis de la proteína lisozima en queso comercial. Se seleccionó esta aplicación 
además de por ser la lisozima un agente potencialmente alergénico, por ser una proteína con una elevada 
carga positiva al presentar un punto isoeléctrico superior a 11, lo que supone un reto analítico ya que 
tiende a adsorberse fuertemente sobre la pared de sílice fundida del capilar con carga negativa. El método 
por CE-MS empleando el recubrimiento polimérico capilar demostró ser eficaz para el análisis de 
lisozima en muestras de queso y también permitió la identificación de proteínas del suero lácteo, tales 
como alfa-lactoalbúmina y beta-lactoglobulinas, demostrando que el recubrimiento permite el análisis de 
proteínas tanto básicas (lisozima) como ácidas (proteínas de suero). 
El empleo de CE-MS en el campo de la metabolómica es inferior comparada con otras técnicas analíticas 
como LC-MS y GC-MS, si bien como ya se ha comentado, proporciona información complementaria. El 
análisis de metabolitos aniónicos por CE-MS presenta ciertas dificultades técnicas que limitan la robustez 
de la técnica y comprometen la sensibilidad y la reproducibilidad de los tiempos de migración. La 
capacidad del polímero TEDETAMA-co-HPMA (50:50) de invertir y estabilizar el EOF en CE-MS, se 
utilizó para llevar a cabo una investigación empleando capilares recubiertos con este copolímero para el 
análisis de compuestos aniónicos por CE-MS en polaridad inversa. Para la optimización de las 
condiciones óptimas de separación se llevó a cabo la evaluación de diferentes electrolitos con pHs 
comprendidos entre 1.8 y 10, así como el empleo de modificadores orgánicos, obteniéndose una buena 
separación con una solución 1 M de ácido fórmico en agua a pH 2.4. El método presentó una buena 
reproducibilidad, con valores de %RSD para los tiempos de migración inferiores a 0.1 y 0.6 %, en el 
mismo día y en tres días diferentes, respectivamente. Se obtuvieron, por otro lado, valores de %RSD para 
las áreas de pico por debajo de 0.5% en el mismo día, y valores de RSD inferiores a 7.3% en días 
diferentes. Los límites de detección y los límites de cuantificación del método fueron inferiores a 16.4 y 
54.6 ppm, respectivamente. De forma global, los datos indican que empleando el recubrimiento 
polimérico se logran análisis de metabolitos aniónicos con alta reproducibilidad y eficacia. Con el fin de 
demostrar la utilidad del método en muestras reales, se llevó a cabo el análisis del perfil de metabolitos 
aniónicos en muestras de zumo de naranja y de vino tinto. La aplicación del método optimizado permitió 
la detección de 87 metabolitos en zumo de naranja y 142 metabolitos en vino tinto en menos de 15 
minutos. Muchos de los metabolitos detectados desempeñan un importante papel en la calidad nutricional 
del zumo de naranja, así como, en las características organolépticas del vino tinto. Estos resultados 
demuestran las magníficas posibilidades del uso combinado de CE-MS y recubrimientos poliméricos para 
metabolómica de alimentos. 
En relación al Capítulo 4 de esta Tesis Doctoral, es importante resaltar que en los últimos años el grupo 
de Alimentómica (Instituto de Investigación en Ciencias de la Alimentación, CIAL, CSIC-UAM) ha 
realizado diversos trabajos para profundizar en el conocimiento del efecto de los compuestos bioactivos 
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procedentes del romero (Rosmarinus officinallis L.) a nivel molecular en líneas celulares de cáncer de 
colon empleando una aproximación alimentómica (combinando Transcriptómica, Proteómica y 
Metabolómica) (Valdés y col., 2013; Valdés y col., 2017a; Ibañez y col., 2012a; Ibañez y col., 2012b). 
Los resultados de esta investigación han demostrado que los compuestos bioactivos de romero tienen 
actividad antiproliferativa en distintos modelos celulares de cáncer e indican que la capacidad de inhibir 
la proliferación de células de cáncer está relacionada con diferentes mecanismos de acción. La mayoría de 
las actividades anticancerígenas del extracto de romero se atribuyen principalmente a los diterpenos 
fenólicos ácido carnósico, carnosol y en menor proporción al rosmanol (Chun y col., 2014; Manoharan y 
col., 2010; Petiwala y col., 2015), sin embargo aún se tiene poca información acerca de la toxicidad de 
estos compuestos en el organismo. Con el objetivo de investigar la toxicidad de los tres diterpenos 
fenólicos más activos (ácido carnósico, carnosol y rosmanol), se llevó a cabo un experimento para evaluar 
la viabilidad de células hepáticas HepaRG diferenciadas y no diferenciadas expuestas durante 24h a un 
intervalo de concentraciones creciente (de 10 a 100 µM) de estos tres diterpenos fenólicos. Se ha 
demostrado que estos diterpenos presentan a estas concentraciones actividad antiproliferativa frente a 
células de cáncer de colon humano HT-29 y HCT116, evolucionando a un efecto citotóxico conforme 
aumenta la concentración del diterpeno. En estas condiciones las células hepáticas HepaRG diferenciadas 
presentaron una mayor resistencia a la toxicidad de los diterpenos fenólicos comparadas con las células 
HepaRG no diferenciadas y con las células de cáncer de colon, lo que es coherente con la gran capacidad 
detoxificante que las células HepaRG alcanzan durante el proceso de diferenciación. Al diferenciarse en 
determinadas condiciones de cultivo, las células HepaRG logran funciones muy similares al hígado 
humano, lo que hace que sean un modelo celular muy útil para la investigación de la toxicidad de 
xenobióticos in vitro. Entre los tres diterpenos fenólicos estudiados, el rosmanol demostró ejercer un 
mayor impacto en la viabilidad de las células hepáticas diferenciadas. En concentraciones de 60 µM el 
rosmanol redujo aproximadamente 19% de la viabilidad de las células, mientras que las mismas 
concentraciones de ácido carnósico y carnosol no presentaron un efecto significativo (p > 0.05). Con el 
fin de obtener una información más detallada a nivel molecular del efecto de los diterpenos fenólicos en 
las células HepaRG, se realizó un estudio metabolómico de las células hepáticas expuestas a 60 µM de 
ácido carnósico, carnosol y rosmanol. Para ello, se combinó el uso de un método de extracción simultáneo 
de metabolitos polares y apolares con el empleo de múltiples plataformas analíticas como GC-TOF MS y 
UHPLC-TOF MS, empleando en el último caso diferentes modalidades de separaciones cromatográficas 
en fase reversa (con columnas tipo C8 y C18). El PCA del conjunto de datos obtenidos por las diferentes 
técnicas analíticas demostró la separación entre el grupo de células HepaRG control y aquellas tratadas 
con los diterpenos fenólicos, el método estadístico no supervisado también reveló diferencias entre los 
tratamientos con los tres diterpenos, que se encontraron parcialmente separados. Además la integración de 
los resultados procedentes de las múltiples plataformas analíticas complementarias permitió la detección 
de un gran número de metabolitos significativamente alterados en las células hepáticas tratadas con los 
diterpenos. De estos, solamente diez metabolitos fueron comúnmente detectados por C8/C18-UHPLC-
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TOF MS y GC-TOF MS, demostrando la gran complementariedad de las técnicas analíticas y la amplia 
cobertura metabólica alcanzada mediante el empleo de múltiples plataformas. Los resultados obtenidos 
indican que 60 µM de ácido carnósico, carnosol y rosmanol pueden presentar efectos comunes, así como 
alteraciones específicas de cada diterpeno fenólico. En general, el tratamiento con rosmanol indujo una 
mayor alteración en el metaboloma de las células hepáticas que los tratamientos con ácido carnósico y 
carnosol, lo que demuestra que el rosmanol genera un mayor desequilibrio metabólico en las células, lo 
cual es concordante con su efecto citotóxico anteriormente observado. De hecho, se observó una alta 
correlación entre los cambios de marcadores oxidativos y la toxicidad celular observada en las células 
tratadas con rosmanol. Entre estos cambios cabe destacar las alteraciones detectadas en los niveles de 
glutatión reducido (GSH) y glutatión oxidado (GSSG) en las células tratadas con 60 µM de rosmanol en 
comparación con el grupo control, los cuales son indicativos de la alteración de la homeostasis redox 
celular, aumentando las posibilidades de daño por estrés oxidativo, una condición que puede 
desencadenar la muerte celular. Por otro lado, al igual que el rosmanol, el tratamiento con carnosol 
también indujo una disminución de los niveles de GSH, sin embargo con este tratamiento no se 
observaron cambios significativos en los niveles de GSSG. Los efectos observados por el tratamiento con 
carnosol son similares a los resultados reportados en un estudio realizado por Valdés y col. (2016a) acerca 
de la actividad prooxidante de los diterpenos de romero en concentraciones de aproximadamente 40 μM 
en células HT-29. Por otro lado, Chen y col. (2011) describieron un aumento de GSH en células HepG2 
tras 12h de tratamiento con concentraciones no toxicas de carnosol (≤10 µM). Los autores de este trabajo 
sugieren que el aumento de los niveles de GSH está relacionado con un efecto de protección contra el 
estrés oxidativo, el cual asocian a la inducción de la expresión de genes que controlan la síntesis de GSH 
mediada por el factor de trascripción NRF2. No obstante, recientes estudios proteómicos con células HT-
29 han demostrado que concentraciones de 40-70 µM de carnosol, concentración en las cuales posee un 
efecto citoestático y citotóxico en las células, también inducen una respuesta antioxidante mediada por 
NRF2 que incluye la expresión de genes que controlan la síntesis de GSH (Valdés y col., 2017a). Estos 
resultados indican que carnosol induce una respuesta mediante la activación del factor NRF2 
independientemente del tipo celular o de la concentración en estudio, mientras que su capacidad de alterar 
los niveles intracelulares de GSH y GSSG puede depender de su concentración y esta alteración puede 
estar relacionada en algunos casos con cierta toxicidad.  
Además de las alteraciones en el estado redox celular, se observaron importantes cambios en el 
metabolismo de los lípidos de las células HepaRG tratadas con los diterpenos fenólicos, en especial 
esfingolípidos y glicerofosfolípidos. Los nieveles de los esfingolípidos detectados, tales como 
esfingomielina SM (d18:1/14:0), fitoesfingosina, esfingosine, entre otros, fueron mayores en células 
tratadas con ácido carnósico, carnosol y rosmanol en comparación con el grupo control. Diferentes 
trabajos indican que los esfingolípidos son importantes reguladores de apoptosis en distintos modelos 
celulares (Hung y col., 1999; Huang y col., 2015). Sin embargo, todavía son necesarios más estudios para 
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poder comprender los mecanismos por los cuales el ácido carnósico, el carnosol y el rosmanol regulan el 
metabolismo de los esfingolípidos.  
Algunas evidencias científicas han demostrado que el extracto de romero enriquecido con ácido carnósico 
aumenta el consumo de glucosa y glucólisis en células HepG2 por la activación de la ruta AMPK-ACC 
(proteína quinasa activada por adenosín monofosfato - acetil-CoA carboxilasa) y altera la expresión de los 
genes SIRT1, PGC-1α y G6Pase (Tu y col., 2013). Este efecto regulador del metabolismo energético 
sugiere que algunos compuestos procedentes del romero juegan un papel importante en el bloqueo de la 
síntesis de ácidos grasos y en el aumento de las reacciones de β-oxidación de los mismos. De manera 
similar, Wang y col., (2012) también han demostrado que el ácido carnósico activa AMPK e inhibe la 
acumulación de lípidos en células HepG2 y que el tratamiento con ácido carnósico disminuye la 
acumulación de grasa en hepatocitos de ratones ob/ob deficientes en leptina (un modelo de diabetes tipo 2 
con hiperglucemia y obesidad relativamente leves). En el presente estudio también hemos observado una 
disminución de los niveles de ácidos grasos insaturados de las células HepaRG expuestas al ácido 
carnósico. Además se detectaron alteraciones en los niveles de tres acilcarnitinas en las células tratadas 
con este diterpeno. La principal función de las acilcarnitinas es el transporte de los ácidos grasos de 
cadena larga hacia la mitocondria para la β-oxidación de los mismos. Dado que las acilcarnitinas son 
transformadas en las reacciones de β-oxidación, su acumulación normalmente sugiere una disfunción 
mitocondrial (McGill y col., 2014). Sin embargo, en este estudio el acúmulo o disminución de los niveles 
de acilcarnitinas varían de acuerdo con el tipo de acilcarnitina.  
Recientes estudios indican que los extractos de romero enriquecidos con ácido carnósico inducen las vías 
catabólicas y el aumento de la glucólisis, así como la inhibición de las vías anabólicas como la síntesis de 
glucógeno y la gluconeogénesis en células HepG2 (Tu y col., 2013). Los resultados observados en el 
presente estudio indicaron que el tratamiento con los diterpenos fenólicos provoca alteraciones en 
diferentes metabolitos relacionados con la glucólisis y metabolitos intermediarios del ciclo del ácido 
cítrico. Por ejemplo, se observó una disminución significativa de los niveles de ácido pirúvico, ácido 
láctico y ácido succínico para todos los tratamientos con los diterpenos fenólicos, mientras que un 
acúmulo en los niveles de glucosa sólo se observó en células tratadas con rosmanol. La acumulación de 
los niveles de glucosa en las células tratadas con rosmanol sugiere que este diterpeno fenólico disminuye 
la utilización de la glucosa, efecto que no se detectó en las células tratadas con ácido carnósico y 
carnosol. En relación al metabolismo de la glucosa también se observó un acúmulo de S-lactoil-glutatión 
en las células tratadas con rosmanol. Este metabolito es un intermediario de la detoxificación del 
metilglioxal. El metilglioxal es normalmente considerado un producto tóxico del metabolismo de las 
proteínas y de los ácidos grasos, sin embargo la vía glucolítica representa la fuente endógena más 
importante de metilglioxal. Altos niveles de este agente glicante aparecen cuando las concentraciones de 
sus precursores son elevadas, como en aquellas condiciones en las cuales el uso de la glucosa está 
alterada, siendo su acumulación altamente tóxica para la célula (Allaman y col., 2015). Adicionalmente a 
los metabolitos endógenos, también se detectó la acumulación significativa de los diterpenos en su forma 
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oxidada. Por ejemplo, en células tratadas con carnosol se detectó un acúmulo de carnosol y rosmadial 
(producto de oxidación del rosmanol), lo que sugiere que el tiempo de exposición no fue suficiente para la 
















































6. CONCLUSIONES  
Las conclusiones más relevantes del trabajo realizado en esta Tesis Doctoral se enumeran a continuación:  
1. Se ha investigado el empleo de nuevos recubrimientos poliméricos de capilares basados en un 
homopolímero de TEDETAMA y tres copolímeros de TEDETAMA con diferentes porcentajes 
molares de unidades neutras de HPMA para el análisis de péptidos y proteínas por CE-UV y CE-
MS. Todos los capilares recubiertos con el homopolímero y los copolímeros de TEDETAMA 
presentaran un flujo electroosmótico anódico en un intervalo de pH de 1.9-10. La incorporación 
de unidades neutras de HPMA modula la interacción del polímero con la pared del capilar, 
reduciendo el flujo electroosmótico anódico, de modo que la separación puede ser ajustada según 
la composición del copolímero. El capilar recubierto con el copolímero de TEDETAMA con la 
incorporación de 50% de HPMA ha presentado los mejores resultados en cuanto a la resolución y 
el tiempo de análisis de las proteínas, así como una buena reproducibilidad de los tiempos de 
migración y de áreas de pico. Además, el polímero es compatible con la detección por MS y 
permite el análisis de péptidos y proteínas en tiempos cortos de migración y con buena resolución 
mediante CE-MS. El método desarrollado con el recubrimiento polimérico capilar TEDETAMA-
co-HPMA (50:50) también ha demostrado ser eficaz para el análisis de lisozima en muestras de 
queso mediante CE-MS. 
2. Se ha desarrollado un nuevo procedimiento de análisis rápido y robusto mediante CE-MS para la 
obtención del perfil de metabolitos aniónicos. Dicho método se basa en el uso del recubrimiento 
capilar catiónico con el copolímero TEDETAMA-co-HPMA (50:50) para invertir y estabilizar el 
EOF en CE-MS y llevar a cabo el análisis de compuestos aniónicos en polaridad inversa. El 
método ha presentado límites de detección y límites de cuantificación inferiores a 16.4 y 54.6 
ppm, respectivamente, así como una buena reproducibilidad, con valores de RSD inferiores 0.1 y 
0.6% para los tiempos de migración para un mismo día (n= 5 inyecciones) y en días diferentes 
(n= 15 inyecciones), y RSDs inferiores a 0.5 % y 7.3% para los valores de área de pico para un 
mismo día (n= 5 inyecciones) y tres diferentes días (n= 15 inyecciones). Además, ha sido 
aplicado con éxito al análisis del perfil de metabolitos aniónicos en muestras de zumo de naranja 
y de vino tinto, permitiendo la detección de 87 y 142 metabolitos, respectivamente, en menos de 
15 minutos de análisis.  
3. Se ha utilizado una aproximación metabolómica para investigar los cambios metabólicos 
originados por los diterpenos ácido canósico, carnosol y rosmanol, compuestos bioactivos 
procedentes del romero, en células de hígado humano HepaRG. La combinación de los resultados 
obtenidos mediante el uso de diferentes plataformas analíticas complementarias como GC-TOF 
MS y C8/C18-UHPLC-TOF MS, ha permitido detectar un mayor número de metabolitos cuya 
expresión varía significativamente en células HepaRG tratadas con los diterpenos. Además, la 
aproximación metabolómica empleada proporciona una elevada sensibilidad para identificar 
 
 




diferencias entre la actividad de los diterpenos. Así, se observó que el rosmanol origina una 
mayor alteración en el metaboloma de las células HepaRG que el carnosol o el ácido carnósico; 
estos cambios a nivel molecular están en consonancia con la mayor citotoxicidad observada para 
el rosmanol. Así, el tratamiento de las células hepáticas con 60 µM de los diterpenos fenólicos 
(principalmente con rosmanol) reveló cambios significativos en metabolitos involucrados en 
reacciones redox y de desintoxicación de xenobióticos, así como alteraciones en el metabolismo 
de los lípidos y de la glucosa, indicando modificaciones en el metabolismo energético y de la 
homeostasis redox celular. Estos resultados corroboran la utilidad de la aproximación empleada 
(metabolómica y células HepaRG) para el estudio de la toxicidad de compuestos y confirman la 
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a  b  s  t  r  a  c  t
Various  algorithms  have  been  developed  to improve  the quantity  and quality  of information  that  can
be  extracted  from  complex  datasets  obtained  using  hyphenated  mass  spectrometric  techniques.  While
different  approaches  are  possible,  the  key  step  often  consists  in arranging  the  data  into  a large  series  of
proﬁles  known  as  extracted  ion  proﬁles.  Those  proﬁles,  similar  to  mono-dimensional  separation  proﬁles,
are  then  processed  to  detect  potential  chromatographic  peaks.  This  allows  extracting  from  the  dataset
a  large  number  of  peaks  that  are  characteristics  of  the compounds  that  have  been  separated.  However,
with  mass  spectrometry  (MS)  detection,  the  response  is usually  a  complex  signal  whose  pattern  depends
on  the analyte,  the  MS  instrument  and  the  ionization  method.  When  converted  to  ionic  proﬁles,  a  single
separated  analyte  will have  multiple  images  at different  m/z  range.  In this  manuscript  we present  a
hierarchical  agglomerative  clustering  algorithm  to group  proﬁles  with  very  similar  feature.  Each  group
aims  to contain  all proﬁles  that are  due  to  the  transport  and  monitoring  of  a single  analyte.  Clustering
results  are  then  used  to  generate  a 2 dimensional  representation,  called  clusters  plot,  which  allows  an  in-
depth  analysis  of the  MS dataset  including  the visualization  of  poorly  separated  compounds  even when
their intensity  differs  by more  than two  orders  of  magnitude.  The  usefulness  of this  new  approach  has
been  validated  with  data  from  capillary  electrophoresis  time  of  ﬂight  mass  spectrometry  hyphenated  via
an electrospray  ionization.  Using  a mixture  of 17 low  molecular  endogenous  compounds  it was  veriﬁed
that ionic  proﬁles  belonging  to each  compounds  were  correctly  clustered  even  with  very  low degree  of
separation  (R below  0.03).  The  approach  was  also  validated  using  a  urine  sample.  While  with  the total  ion
proﬁle  15  peaks  could  be distinguished,  70 clusters  were  obtained  allowing  a much  thorough  analysis.
In  this  particular  example,  the total  computing  took  less  than  10 min.
©  2015  Elsevier  B.V.  All  rights  reserved.. Introduction
Separation techniques coupled with high resolution mass spec-
rometry (X-HRMS, where X stands for GC, LC, CE.  . .)  are key
nalytical hyphenated instruments in many areas of research [1–8].
n these conﬁgurations, the mass spectrometer is placed at the out-
et of the separation device, allowing recording full mass spectra at
egular intervals. Initially aimed as a technique to identify the main
eaks in a proﬁle (following the recommendation of the IUPAC, pro-
le can be an electropherogram, chromatogram or any continuous
∗ Corresponding author.
E-mail address: guillaume@fe.up.pt (G.L. Erny).
ttp://dx.doi.org/10.1016/j.chroma.2015.12.005
021-9673/© 2015 Elsevier B.V. All rights reserved.trace recorded by an analytical instrument [9]), X-HRMS is now
essential for analysing complex matrices. MS  instruments are con-
sidered almost universal detectors while extremely selective and
sensitive. As a result, a typical non-targeted analysis by X-HRMS
comprises a huge amount of information in a dataset practically
impossible to handle in a manual way. A typical approximation
during any X-HRMS analysis is to narrow the mass range of the MS
detector to only detect those ions whose m/z are within the selected
range. While this can be done via the instruments setting, the eas-
iest way  is often done by ﬁltering the resulting dataset to obtain
the extracted ion proﬁle (EIP). Interestingly, ﬁltering can be used
multiple times using the same dataset, thereby, obtaining proﬁles
that are selective to potentially represent every analyte present in
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ey requirement for minor components as they will only be visible
f the dataset is adequately ﬁltered. This is the main limitation in
on-targeted X-HRMS analysis. Because it is important in many
elds to obtain a complete analysis of the sample, especially of
nknown or unexpected components, many algorithms have been
roposed to improve the quality and quantity of information that
an be obtained after a non-targeted X-HRMS analysis [10].
Automatic processing of hyphenated dataset often starts with
he transformation of the raw MS  data into centroid data. This can
e done by various algorithms that detect in each MS  scan every
eak and calculate for each of them the centroid mass (also called
he accurate mass [9]). The centroid data only records the centroid
/z value and the peak amplitude. This allows a drastic reduc-
ion of the data size, and as a consequence, faster computational
peed. Centroid data can be sometimes obtained by the proprietary
cquisition or associated software, such as, compassXport (Bruker)
r Masslynx (Waters), or secondary software [11–13]. Those soft-
are also allow to export the data to formats such as mzML  [14],
zXML  [15] or JCAMP [16] that can easily be read by users [16].
t should be emphasized that the transformation to centroid data
s an important transformation of the original data that can inﬂu-
nce a subsequent quantitative analysis [17]. The information in
he resulting ﬁle can be seen as a collection of 3 coordinates data
oint: the accurate mass m/z value (referred from now on as mass
oordinate), the scan number and the peak intensity. Such dataset
an be processed in two ways, either each MS  scan is analyzed to
etect peaks that are probably related to the same compounds (iso-
opic ions, common adducts, possible fragmentations) [18–20] or
roﬁles characteristic of the transport and separation of the formed
ons can be reconstituted and processed as chromatographic pro-
les. The latter is often the method of choice in hyphenated MS
atasets [21–23].
Two approaches are used to obtain chromatographic proﬁles,
.e., the binning approach and the pure ion proﬁle. In the binning
pproach, a series of EIPs are deﬁned in such a way  that each EIP
ill only contain data within a very narrow mass range, so, all the
nformation is distributed along the EIPs [11]. The mass range is
he key parameter and should be carefully optimized to avoid peak
plitting. Algorithms have also been proposed to correct for this
efault [24]. The EIPs are then processed to detect for the presence
f chromatographic peaks. Those are then measured and ﬁgure of
erits (peak, center, amplitude, m/z, area. . .)  recorded in a table
22,24–26]. Another recent alternative is the use of pure ion pro-
le (PIP), which consists of scanning the dataset to ﬁnd sequences
f points that follow each other in their scan coordinate and does
ot differ in their mass coordinate by more than a certain thresh-
ld that corresponds to the variation in the accurate mass value
etermined for the same peak in the mass proﬁle (original data)
t different scan [27–29]. The advantage of PIP over EIP (or binning
pproach) is that in the PIP only the data points related to the target
ons are obtained. This makes the use of peak picking algorithms
edundant. However, while EIP can be obtained from centroid or
roﬁle dataset, PIP can only be calculated using centroid dataset.
utomatic processing of EIP or PIP allows obtaining a large number
f chromatographic peaks that are characteristic of the analytes of
nterest present in the sample. Most algorithms are able to retrieve
eaks at very low intensity that would have never been detected
anually without information on their mass.
Nevertheless, this is not sufﬁcient for a comprehensive analy-
is of the whole X-HRMS dataset due to its intrinsic complexity.
hen processing the dataset, multiple EIE or PIP will be found for
very analyte that has been separated. Thus, the remaining prob-
em is to determine whether a minor peak is due to a new analyte
r an image of an existing peak. Usually, this problem is bypassed
y working in differential analysis [12,30,31]. However, PIP related
o the same compounds are highly related with each other. AllA 1429 (2016) 134–141 135
PIP due to isotopic ions, adducts or fragments are an image of
the main proﬁle where the only variation is the intensity of the
peak. We  have already used this concept in a previous work to pro-
pose a new representation [21]. The present work is a signiﬁcant
improvement from that previous approach. Here we use for the ﬁrst
time a hierarchical agglomerative cluster approach (HACA) [32]
to classify the different proﬁles, based on similarity as measured
by the correlation coefﬁcient into clusters. Ideally, selected clus-
ters should contain all proﬁles related to the same analyte. While
peak aggregation as already been discussed [33,34], HACA has never
been tested in this context. While previously published approaches
[33,34] used classical ﬁgures of merits such at time at peak apex and
peak width, the HACA designed in this work is based on the valor
of the correlation coefﬁcients between proﬁles. It is therefore less
dependent on noise that can prevent the accurate determination of
peak apex and peak width. In the present work, we demonstrate,
using test and real complex samples, that HACA allows to ratio-
nally and systematically organize the various proﬁles in a limited
amount of clusters. In this work, the clusters are used to provide a
new two  dimensional representation of the dataset, called clusters
plot, which allows a comprehensive analysis of the results, making
possible to distinguish analytes that are not well separated.
2. Materials and methods
2.1. Programing
Programing was  done using Matlab 2013b and functions were
run on a personal computer (Intel Pentium CPU G3320@3.00 GHz,
4.00 GB RAM, 64-bit operating system) with Windows 7. All the
functions programmed and used during this work can be obtain by
contacting the corresponding author.
2.2. Chemicals and samples
All reagents employed in the preparation of the CE buffer and
sheath liquid (isopropanol, formic acid and ammonium hydrox-
ide, all of MS  grade) were from Sigma–Aldrich (St. Louis, MO,
USA). A mixture of 17 small molecular mass compounds from
Sigma–Aldrich was employed as a test mixture: 0.3 mM adeno-
sine triphosphate (ATP), 7.8 mM nicotinic acid, 0.5 mM  glutamic
acid, 1.0 mM aspartic acid, 0.3 mM glutathione oxidized, 0.6 mM
glutathione reduced, 2.7 mM iminodiacetic acid, 0.2 mM adenosine
monophosphate (AMP), 0.2 mM panthotenic acid, 1.4 mM succinic
acid, 0.1 mM gluconic acid, 0.4 mM hippuric acid, 0.3 mM malic
acid, 0.2 mM citric acid, 0.2 mM tartaric acid, and 2.8 mM 1,4 piper-
azinediethanesulfonic acid (PIPES) and 156.5 mM malonic acid. The
urine was  ﬁltered through 0.2 m polyethersulfone ﬁlter before
CE-MS analysis.
2.3. CE-TOF MS  analysis
The capillary electrophoresis (CE) apparatus used was a P/ACE
5010 from Beckman (Fullerton, CA, USA). The CE instrument was
controlled by a PC running System GOLD software from Beckman.
The CE equipment was  coupled to a time-of-ﬂight (TOF) instrument
“microTOF” from Bruker Daltonik. CE-TOF coupling was  carried out
via an ESI interface model G1607A from Agilent Technologies. Elec-
trical contact at the electrospray needle tip was established via a
ﬂow of sheath liquid composed of 2-propanol-water (50:50, v/v)
delivered by a 74900-00-05 Cole Palmer syringe pump (Vernon
Hills, IL, USA) at a ﬂow rate of 4 L/min. Bare fused-silica capillary
with 50 m i.d. and 85 cm of total length was  from Composite Metal
Services (Worcester, England). The inner capillary wall was coated
with a cationic TEDETAMA-co-HPMA copolymer [35]. CE separa-
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djusted to pH 2.4 with ammonium hydroxide). Nebulizer pres-
ure was 0.4 bar, drying gas ﬂow rate was 4 L/min, and ESI chamber
emperature was set at 200 ◦C. TOF MS  was operated in the negative
on mode (capillary voltage was 4 kV) and spectra were acquired in
he range of 50–700 m/z.
.4. Datasets
Two datasets were used in this work, both obtained under the
ame CE-MS analytical conditions. The ﬁrst one was obtained from
he CE-MS analysis of a test mixture (17 small molecules). The sec-
nd dataset was obtained from a urine sample injected under the
ame CE-MS analytical conditions.
. Programming
In this work, a series of functions, programmed in Matlab, were
esigned in order to obtain a true two dimensional representation
f the CE-TOF-MS datasets. The workﬂow is illustrated in Fig. 1 and
onsists of four main tasks: loading the data, extracting the single
on proﬁles, classiﬁcation and generation of the clusters plot.
.1. Data loading
This initial step consists of loading the centroid dataset. Centroid
ataset can be obtained using various freeware as well as some pro-
rietary software. In the case of Bruker instruments, for example,
he software exports the rough data as CSV ﬁles and allows obtain-
ng a centroid dataset. CompassXport is a software freely available
rom Bruker and also allows obtaining proﬁle or centroid datasets
rom ﬁles in various format (text, JCAMP, mzXML, mzML.  . .). In this
ork, Matlab functions were developed for mzML,  JCAMP or CSV
les that were processed from original Bruker ﬁles using Com-
assXport. Such formats are text based and can be easily read.
uring data loading, the only modiﬁcation was to round off the m/z
Fig. 1. Workﬂow used in this work. A 1429 (2016) 134–141
values to a ﬁxed number of decimals; namely, ﬁve decimals were
used for all TOF MS  data since a higher precision is meaningless.
3.2. Pure ion proﬁles (PIPs)
The quality and quantity of the PIPs is paramount to this
approach. Functions have been developed with a particular atten-
tion to increase both the computing speed and the ability to extract
from the dataset PIPs with very low intensity. In this work, PIPs are
obtained in three steps. First the dataset is ﬁltered to remove the
random noise, this is done by rejecting all data points whose inten-
sity is below a set threshold. Value of this threshold is an important
experimental parameter and should be accurately determined. This
can be done via the intensity frequency distribution of the dataset,
i.e. the number of data points in the dataset whose intensity is equal,
or between the set values. Such a distribution for the urine dataset
is shown in Fig. 2A.
As it can be observed, while the intensities ranged from 1 to
∼110,000 counts, a large fraction of the data has an intensity bellow
20 counts. This very low value can be used conﬁdently as threshold
to ﬁlter the dataset. Fig. 2B shows the comparison of the total ion
current proﬁles (TICPs) obtained using all data points (top) and the
one obtained (bottom) after removal of the random noise (intensi-
ties below 20). Fig. 2C shows the difference between the two  TICPs.
Using this threshold value, the data integrity is maintained while
the size of the dataset has been reduced by more than 91%. Such
values are consistent with other works and allow to drastically
increasing the computing speed of the PIP algorithm.
In the work from Wang and co-workers [27], PIPs were obtained
selecting a starting point and ﬁnding data in the time coordinate
that does not differ in their m/z coordinate by more than a ﬁxed
value that is the uncertainty in the determination of the accurate
mass. In the present work, we use a projection of the data to a mass
axis to obtain the total mass proﬁle (TMP) as shown in Fig. 3. This
proﬁle can be used to measure the accurate mass uncertainty as
shown in inserts A to C. With the urine dataset this value can be
estimated at 0.002 m/z for analyte peaks (insert A and C) and 0.005
m/z for background ions (insert B). The TMP  can also be used to
ﬁnd mass intervals of interest (MII), determined as group of points
in the TMP  where the m/z value of each point does not differ from
its neighbors by more than x/
√
(y − 1), where x is the mass uncer-
tainty and y is the minimum number of consecutive points to deﬁne
a single ion proﬁle. PIPs are then selected as any sequence of at least
y points whose time coordinate follow each other and belong to the
same MII. Each PIP is recorded individually and ﬁgures of merit are
measured and recorded in a table. Those include the average and
standard deviation of the accurate mass measured with all the data
points that build the PIP, the time and intensity of the most intense
data points, as well as the PIP zeroth and ﬁrst statistical moment
(area and center). This is a very simple and robust approach to
obtain single ion proﬁles with no assumption on their shape or
intensity. A high number of PIPs are obtained in this way in a short
time. For example with the urine sample 4779 PIPs (x = 0.002, y = 5)
were obtained in less than 9 min. The computing speed depends
on the size of the TMP  that can be reduced by increasing the initial
threshold. Using a threshold of 50 counts instead of 20, 1776 PIPs
were obtained in 2 min. Interestingly, if only considering PIP with
a maximum intensity higher than 100 (representing 0.05% of the
highest intensity), 1262 PIPs were obtained with a threshold of 20,
while 1231 PIPs were obtained with a threshold of 50 showing the
robustness of the algorithm. Hereinafter, proﬁles whose maximum
intensity are below 100 counts will be discarded. This ﬁltering step
attempts to keep only proﬁles whose maximum intensity is higher
than 5 times the background noise and is a simple step to only work
with PIPs of chromatographic relevance.











lFig. 2. (A) Frequency distribution; (B) TICP with full data (top) and 
.3. Hierarchical agglomerative cluster analysis (HACA)
The main novelty of this work is the use of HACA to group PIPs
ased on similarities, giving as result an arrangement of all the data
n individual clusters. HACA is a “bottom up” approach. Initially
ach proﬁle starts in its own cluster and a measuring is used to
ssess the similarity between every cluster. The two  most similar
lusters are merged into a new one and this step is repeated until
ne cluster remains. The hierarchical structure is formed by the
lusters obtained at each step and can be analyzed by visualizing
ow the data relate with each other at a particular hierarchical
evel (HL). For this work, clusters were compared by calculating
Fig. 3. Total mass proﬁle obtained by projecting all data points of intensity higher thad data (bottom) and (C) residual between the full and ﬁltered data.
the matrix of correlation between the most intense proﬁles in each





Cov(X,Y) is the covariance of X and Y, and X and Y are the variances
of X and Y, respectively. Correlation coefﬁcients are normalized
measurements with values between 1 and −1. This approach allows
comparing proﬁles not only based on their position but also on their
global shape.
n 20 counts on to a mass axis. Insert A, B and C are zooms of the encircled areas.
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Fig. 4. Two clusters plots of the standard mix  obtained for merging correlation coefﬁcients of 0.8 (stars) and 0.95 (circles). Clusters plot obtained at 0.95 are also
labeled with numbers and correspond to the following compounds (values between parentheses correspond to the exact mass and the average accurate mass respec-
tively):  (1) ATP (505.9985 – 505.9891 ± 0.0013); (2) malonic acid (103.0037 – 259.9258 ± 0.0014), (3) PIPES (301.0522 – 301.0538 ± 0.0004), (4) tartaric acid (149.0092
–  149.0118 ± 0.0005), (5) citric acid (191.0197 – 191.0207 ± 0.0003), (6) malic acid (133.0142 – 133.0174 ± 0.0001), (7) hippuric acid (178.0510 – 178.0518 ± 0.0013), (8)
gluconic acid (195.0520 – 195.0523 ± 0.0009), (9) iminodiacetic acid (132.0291 – 132.0328 ± 0.0008), (10) succinic acid (117.0193 – 117.0226 ± 0.0005), (11) pantothenic
acid  (218.1034 – 218.1034 ± 0.0004), (12) AMP  (346.0558 – 346.0551 ± 0.0010), (13) glutathione (306.0765 – 306.0753 ± 0.0010), (14) glutathione oxidized (611.1447 –



























flusters labeled with letters are impurities (some of them are discussed in the text
.4. Selection of the hierarchical level and cluster plot
While the HACA is systematic and does not require any input,
he selection of the HL is critical for the ﬁnal representation. HL can
e deﬁned as the number of iterations but it is more pertinent to
se here the correlation between the two clusters merged at each
teration. Under these conditions, the HL can vary from 1, where
ach proﬁle will be in an independent cluster, till zero where each
roﬁle will be in a single cluster.
An HL of 0.9 will indicate that within a cluster each PIP will
e correlated by a value higher or equal to 0.9. The task here, is
o ﬁnd the HL where all isotopes and adduct ion proﬁles will be
egrouped into the same cluster. Ideally, each cluster should only
ontain the proﬁle related to only one component. Obviously, this
ill depend on the degree of separation between compounds in
he sample. Optimization of the HL is achieved using a two dimen-
ional representation of the clusters, named clusters plot, which is
 two dimensional scatter plot of the main values representative of
he clusters. An example of such plots can be seen in Fig. 4 where
ach circle depict a cluster. Its time coordinate corresponds to the
verage time at peak maxima of all PIPs in this cluster, its mass coor-
inate and size correspond to the accurate mass and intensity of the
ost intense proﬁle respectively. Because an analyte should have
ore than one image proﬁles, the one corresponding to the molec-
lar ions as well as the main isotopic ions and adducts, clusters than
nly contain one proﬁle are discarded in such a representation. The
se of the clusters plot to select the HL and to improve the visual-
zation of key information from the dataset will be discussed in the
ollowing section.4. Results and discussion
4.1. Test mixtures
The approach was ﬁrst validated using the dataset obtained from
the CE-TOF/MS analysis of the standard sample composed of 17
metabolites. With an intensity threshold of 20, x = 0.002 and y = 5,
2347 PIPs were obtained from the dataset in less than 5 min; among
them, only 440 had a maximum intensity higher than 100. Those
440 PIPs were organized in the hierarchical structure in less than
one minute. Final results will depend on the HL selected. The only
task done manually by the operator consists of ﬁnding the right
HL for which all image proﬁles of the same component fall within
the same clusters, while separates the different analytes in differ-
ent clusters. As illustrated in Fig. 4, the clusters plot allows the
optimization of this parameter. In this ﬁgure two clusters plots
are superposed, the plot obtained at HL = 0.8 (stars) and the plot
obtained at HL = 0.95 (circles). The clusters labeled with a number
were unambiguously assigned to one of the 17 compounds initially
present in the test mixtures. The clusters labeled with a letter are
either false positive or impurities. The main differences between
both representations is in the clusters (circles) labeled as 7, 8 and 9
that were only obtained using a HL value of 0.95 while with HL = 0.8,
a single cluster (star near 9) containing 37 proﬁle was obtained. The
distribution of the 20 most intense proﬁles collected in this single
cluster at HL 8.0 in various clusters at HL 0.95 is summarized in
Table 1. As it can be seen, those PIPs are organized in at least 5 clus-
ters (7, 8, 9, d and e in Fig. 4). It can also be observed that the proﬁles
in the 3 main clusters (labeled as 7, 8 and 9 in Fig. 4) are consistent
G.L. Erny et al. / J. Chromatogr. 
Table  1
Repartition of the 20 most intense proﬁles obtained in a single cluster at HL 0.8
in various cluster at HL 0.95. Each entry in this cluster correspond to the accurate
mass and associated standard deviation of a PIP and the symbol of the cluster (Fig. 3,
circle) where it was  found at HL = 0.95.
m/z @0.95 m/z @0.95
132.0328 ± 0.0008 9 318.9867 ± 0.0007 NA
195.0523 ± 0.0009 8 413.0939 ± 0.0010 7
178.0518 ± 0.0013 7 391.1103 ± 0.0007 NA
317.9800 ± 0.0013 e 472.9995 ± 0.0025 e
134.0632 ± 0.0005 d 273.9887 ± 0.0010 NA
133.0342 ± 0.0013 9 197.0547 ± 0.0014 8
179.0554 ± 0.0006 7 154.0145 ± 0.0006 9



























digests) showed that this approach could be particularly relevant196.0556 ± 0.0014 8 381.0000 ± 0.0007 NA
303.0207 ± 0.0017 NA 135.0669 ± 0.0004 d
ith the presence of the molecular ion and at least one isotope ion
7: 178.0518 and 179.0554; 8: 195.0523, 196.0556 and 197.0547; 9:
32.0328 and 133.0342). Using the most intense proﬁles in clusters
 and 8, the resolution between two clusters was  measured equal
o 0.027. This demonstrates that clusters plots allow to visually
etect analytes that are poorly separated even when their relative
ntensity differs signiﬁcantly. For example the similarity between
roﬁles from clusters d and 9 in Fig. 4 can be assessed in Fig. 5. The
esolution between those two proﬁles is equal to 0.59 and their
elative intensity differ by one order of magnitude. Although the
IPs from these clusters are very similar both in terms of m/z and
igration time, they belong to different analytes and were rightly
ssigned at HL = 0.95 to two different clusters. At HL = 0.95, all stan-
ards, numbered as 1 to 17 in Fig. 4, were successfully separated
nd with the exception of malonic acid (cluster 2), the most intense
IP in each cluster corresponds to the molecular ions. Very good
greement were obtained between the exact mass and the accu-
ate mass, this can be seen even with peaks poorly separated as
ippuric acid (7), gluconic acid (8) and iminodiacetic acid (9). For
alonic acid, the PIP corresponding to the molecular ions is the
econd most intense one.
The entire data processing necessary for obtaining the cluster
lots (i.e., from the ﬁrst step in which the original ﬁle was  con-
erted to mzML  ﬁle till displaying the clusters plot) took less than
0 min. The list of the m/z  values for all PIPs and each cluster can be
ound in supplementary material. For all tested datasets, HL = 0.95
lways gave the best results and was used for all clusters plots. This
Fig. 5. Comparison of the intensity obtained for the most intense proﬁle froA 1429 (2016) 134–141 139
value seems to be the highest value to accurately group all proﬁles
related to the same analyte; however, co-clustering of more than
one analyte was  also observed with complex samples. This value
may  depend on the sampling frequency, peak efﬁciency and noise.
The full listing of the m/z values of every PIP and cluster can be
found in the supporting information.
4.2. Urine sample
The above data treatment was  applied to the dataset obtained
from the CE-TOF MS  analysis of a urine sample. Under the same
conditions used for the standard sample, 1262 PIPs were processed
from the urine dataset with an intensity higher than 100. 177 of
those PIPs were organized in 70 clusters with a maximum inten-
sity ranging from 100,000 to 1000. The clusters plot is shown
in Fig. 6. Not surprisingly, this representation is more complex
than that obtained with the standard mixtures. To validate the
approach, the clusters within the square were analyzed in detail
below. Fig. 7 shows, for each cluster selected in Fig. 6, the most
intense normalized PIPs. It can be observed that 6 out of 7 clus-
ters clearly show pure proﬁles. Nevertheless, in all cases every
cluster regroups at least one isotopic proﬁle besides the main PIP
(1. 135.0320 & 136.0347; 2. 191.0539 & 192.0603; 3. 165.0391
& 166.0439; 4. 195.0507 & 196.0544; 5. 263.1017 & 264.1037; 6.
149.0471 & 150.0516; 7. 179.0545 & 180.0573) allowing the iden-
tiﬁcation of the component in each cluster unambiguously. The
list of the m/z values for all PIPs and each cluster can be found in
supplementary material. When working with real samples, numer-
ous clusters seem to have more than one compound that could
easily be identiﬁed and separated using common rules of adducts
formation.
While the relevance of all clusters should be further studied
using multiple datasets, with a single dataset it is also easy to study
the proﬁle and m/z values in each cluster, helping to determine
whether a cluster is an artifact or contain one or more analytes.
This represents a systematic and robust approach for a compre-
hensive analysis of complex datasets from hyphenated X-HRMS
techniques. While with small molecules, clusters are generally low
populated, preliminary experiments with macromolecules (proteinfor these types of analytes as clusters are more populated increas-
ing the conﬁdence of the representation. This will be the topic of a
future work.
m cluster d (left) and the most intense proﬁle from cluster 9 (right).
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Fig. 6. Cluster plots of the dataset obtained from the CE-TOF MS analysis of a urine sample at a merging correlation coefﬁcient of 0.95. The box highlights the clusters that
are  displayed in detail in Fig. 7.
F en 8.
























Lig. 7. Normalized most intense proﬁles in the clusters marked in Fig. 6 betwe
65.0391 ± 0.0045; 4. 195.0507 ± 0.0031; 5. 178.0502 ± 0.0016; 6. 149.0471 ± 0.001
. Conclusions
Hierarchical agglomerative cluster analysis is a logical and
obust approach to order single ions proﬁles in clusters from com-
lex X-HRMS datasets, as corroborated by the excellent results
btained in this paper for both a standard and a real sample
nalyzed by CE-TOF MS.  The cluster plot, a two dimensional
epresentation of the data, allows to easily determine the best hier-
rchical level as well as it provides an excellent visualization of the
nformation contained in an X-HRMS dataset. This representation
llows detecting poorly separated analytes even when one is at very
ow concentration. Another great advantage of the approach pro-
osed in this work is that it is methodical and does not rely on any
upervision from the operator. However, this approach relies on the
onsistency of the obtained PIPs. While the PIP algorithm presented
ere gave good results, it should also be compared with proﬁles
btained using other algorithms. In this work, because of the very
arrow mass intervals obtained, no peak picking algorithms were
sed. However, with real sample, some of the PIPs clearly showed
he presence of more than one ion. Peak picking algorithms may
e introduced in a future work to resolve this issue. The approach
eveloped here is particularly rapid allowing to test various condi-
ions in order to optimize the results in a fast and straightforward
ay. Matlab ﬁles can be obtained on demand.cknowledgments
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Separation techniques hyphenated with mass spectrometry (X-MS,
where X stands for a separation technique, typically gas chromatogra-
phy, liquid chromatography or capillary electrophoresis) is a very pow-
erful combination for the analysis of complex mixtures. Those
instruments are often the center piece in analytical facilities. X-MS
covers a very large variety of instruments with different capabilities,
performances and prices. The data recorded by those instruments con-
sists in a collection of MS scans acquired at the outlet of the separation
channel along the time. Depending on the mass analyzer, the ﬁle may
range from few megabytes to few gigabytes in size. Data manipulation
and transformation play an important part when working with X-MS
datasets. For example, centroidization algorithms are used to reduce
the size of the ﬁle and calculate the accuratemasses [1]. Total ion proﬁle
(TIP) and base peak proﬁle (BPP) are ﬁlters that allow representation of
the dataset using simple mono-dimensional proﬁles [2]. Extracted ion
proﬁles (EIPs) allowgenerating from the dataset, proﬁles corresponding
to the transport and detection of one theoretical ion deﬁned by itsm/zrange. X-MS datasets, due to their high importance and complexity,
are particularly relevant for complex automatic post-processing. In the
past decades, various algorithms and software have been developed
aiming to provide advanced representations, comparison of datasets,
or automatizing the extraction of the relevant information from multi-
ple runs [1,3–10]. An updated list of software for analysis of mass spec-
trometry data can be found in the ms-utils.org website [11]. However,
despite the large choice of available freeware, they are often speciﬁc
to an instrument conﬁguration, ﬁeld of application or target class of
compounds. Moreover, they do not always provide all the necessary
controls to assess the information that are lost or modiﬁed during the
various steps. The aim of this manuscript is to present a series of Matlab
functions that are part of the Finnee toolbox andwere developedwithin
the frame of our work [5,4,12]. This toolbox contains basic function to
read mzML ﬁles, extract proﬁles and spectra as well as more advanced
tools to calculate accurate masses, obtained pure ion proﬁles or draw
clusters plots. Each function is annotated allowing anyone not only to
use them but also to understand and modify them if needed. The func-
tions and algorithms presented here have been developed for high res-
olution mass spectrometry instruments but should also be suitable for
low resolution mass analysers as long as the original proprietary ﬁle
can be converted to mzML format. The MatLab functions can be
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ﬁnneeblog.wordpress.com/, and the mzML datasets used as example in
this manuscript are available for download.1
2. The Finnee data architecture
2.1. Software environment
Finnee is developed under MATLAB R2013a environment and has
been tested with MATLAB 2015a and 2016a. As far as we are aware no
extra toolbox is required with any functions. All functions are run via
the Matlab interface thus the working copy of the software is required.
2.2. The mzML format
The past decades have seen a rapid increase in freeware and soft-
ware dedicated to the analysis of datasets from mass spectrometry
and separation techniques hyphenated to mass spectrometry. This is
largely due to the effort of various groups to develop and promote
open, vendor-neutral, format for MS related ﬁles. Those formats are
compatible with most mass spectrometers used as standalone instru-
ments or as detectors of a separation technique [14–18]. Among the var-
ious formats, mzML, the format promoted by the Human Proteome
Organization (HUPO) is now the best accepted. Most instrumentmanu-
facturers proposed freeware allowing converting their proprietary for-
mat to mzML. Software are also available to perform such conversion
[19]. MatLab and Python include functions to read mzML and mzXML
formats [9]. The mzML format is a html-like format that uses a control
vocabulary (CV) to precisely categorize the information. A full descrip-
tion of the mzML CV can be found in the HUPO web site.2
Brieﬂy, a mzML ﬁle is a structured way to maintain and share infor-
mation. Each element has a start tag and an end tag, both enclosed be-
tween a ‘b’ and a ‘N’ character. The start tag can encompass a series of
attribute=’value’ pairs that allow organizing the information. Text
and child elements can be put inside a start tag and end tag to form
the mzML structure. Decoding a mzML ﬁle often consists in looking for
a particular attribute=’value’within a speciﬁc tag.
2.3. Conversion to Matlab structure and associated binary ﬁle
While the MatLab function readmzxml.m allows working with
mzXML ﬁles, this function is problematic with X-MS data ﬁles, espe-
cially when working with high resolution proﬁle scans. This function
will load all the data in memory, overloading it if the ﬁle is too large.
To be able toworkwith high resolution datasets andmaintain good per-
formances independently of the size of the ﬁle, we developed the func-
tion domzML2Stc that should be used as below:
where ﬁnneeStc is theMatlab structure thatwill receive all general in-
formation from themzMLﬁle.With this function,MS scans are stored in a
separated binary ﬁle whose path is kept in ﬁnneeStc. This structure will
also store theposition of each individual scan in the binaryﬁle. This allows
working with very large ﬁles without compromising speed and accuracy.
2.4. The concept of datasets
In ﬁnneeStc, MS scans are organized in datasets, each dataset con-
tains all the scans related to a particular run or transformation. While
at creation only one dataset exists, the original one, additional datasets1 https://onedrive.live.com/redir?resid=44D0236A062B67C5!4529&authkey=!
AI4JV9psRYElepQ&ithint=folder%2c.
2 http://www.psidev.info/mzml_1_0_0%20.can be created. This will be the case for example, after centroidization of
proﬁle spectra, background corrections or bucketing. This enables to
verify the data integrity after each transformation by comparing scans
or proﬁle in each dataset. Until now three formats for dataset are recog-
nized, those that deﬁne how the data are organized. The recognized for-
mats are ‘proﬁle spectrum’, ‘centroid spectrum’ and ‘ionic proﬁle’.
‘Proﬁle spectrum’ and ‘centroid spectrum’ are classical formats used
by instrument manufacturers and have been well explained by the
IUPAC [18]. In ‘proﬁle spectrum’ datasets, each MS scan is as recorded
by the instrument. It is a two column array with in the ﬁrst column
the m/z axis and in the second column the corresponding ion counts.
In ‘centroid spectrum’ datasets, each MS scan has been processed with
a centroid algorithm. In this case only the position and intensity of
each peak originally present in the proﬁle spectrum are recorded. Indi-
vidual MS scans are also two column arrays with in the ﬁrst column the
accurate masses (centroid position of each peak) and in the second col-
umn the corresponding intensity at peak apexes. Ionic proﬁle dataset
are a transformation of a MS based architecture (MS scans as a function
of time) to a chromatographic based architecture (proﬁles at different
m/z values or ranges). Such dataset can be obtained after bucketing or
via pure ion proﬁles. An ‘ionic proﬁle’ is stored as a three column
array; theﬁrst column contains the scan numbers, the second the corre-
sponding intensities and the third the m/z coordinate or the accurate
mass. With each dataset a series of traces are calculated. By default,
they are the total ion proﬁle (TIP), the base peak proﬁle (BPP) and the
m/z value at base peak value (mzBPP).
3. Test ﬁles
We provide four mzML ﬁles to test and experiment with Finnee.
Those ﬁles were obtained using CompassXport with two already de-
scribed experimental results [4]. For each experiment, the data were
transformed to mzML using the ‘centroid spectrum’ and ‘proﬁle spec-
trum’ option. standards_proﬁle and standards_centroid are the mzML
ﬁles related to the CE-TOFMS separation of 17 small molecular mass
compounds (adenosine triphosphate, nicotinic acid, glutamic acid,
aspartic acid, glutathione oxidized, glutathione reduced, iminodiacetic
acid, adenosine monophosphate, panthotenic acid, succinic acid,
gluconic acid, hippuric acid, malic acid, citric acid, tartaric acid, 1,4-
piper-azinediethanesulfonic acid and malonic acid). urine_proﬁle and
urine_centroid are the mzML ﬁles obtained after separation of a urine
sample by CE-TOFMS. Additional information can be found in the cited
manuscript. Datasets are available for download.
4. Exploratory functions
Datasets can be explored using four basic functions. Those will gen-
erate a text and/or a ﬁgure output in Matlab providing all the necessary
information. Additionally, in most cases, a structure will also be created
allowing storing the results. Only the basic syntaxes are provided here,
most functions also have optional parameters. A detail description can
be obtained in Matlab using help nameOfTheFunction.
4.1. tellFinnee
This function allows having information about the original ﬁle, the
number of datasets and associated traces and substructures. The basic
syntax to use this function is:
4.2. getTrace
getTrace allows recovering and plotting a trace linked to a dataset,
where a trace is any type of mono-dimensional representations (i.e.
MS scans, base peak proﬁle…). While not available at this time, it may
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this function is as follows:
where traceOut is an output structure that contains information
about the trace, ﬁnneeStc is the basic Finnee structure created by
domzML2struct, and ‘n@m’ is the address of the trace (m and n are the
dataset and trace indexes respectively). This address can be found
using tellFinnee. A more detail help can be obtained using:
getTrace will create a new ﬁgure with the requested information as
displayed in Fig. 1.Matlab provides amenubar that is particularly useful
in this work. Not only it permits to zoom or annotate, it also allows the
data cursor icon (1 in Fig. 1) to read data directly from the graph (2 in
Fig. 1). Those can be used to obtain time values or interval of interest.4.3. getSpectra
getSpectra allows extraction from the dataset, a mass spectrum at a
particular time or scan number. This function can be usedwith the three
types of datasets, ‘proﬁle spectrum’. ‘centroid spectrum’ and ‘ionic pro-
ﬁle’. The syntax and output are:
where spectraOut is a summary of the results,ﬁnneeStc is the Finnee
structure,m is the index to the dataset and [t1·t2] is the time interval of
interest. A single value can be used instead of an interval.4.4. getProﬁle
getProﬁle allows generating a proﬁle spectrum along the separation
by ﬁltering every scan to only kept datapoints within a deﬁnedm/z in-
terval. The syntax is:Fig. 1. Figure as displayed by Matlab when using the function getwhere proﬁleOut is a summary of the results, ﬁnneeStc is the Finnee
structure,m is the index to the dataset and [mz1mz2] deﬁnes them/z in-
terval. A single value can also be use, however this option is only rele-
vant for ‘proﬁle spectrum’ datasets.5. Dataset manipulation
5.1. doCentroid
Centroidization consists in a peak picking routine of a ‘proﬁle spec-
trum’ type scan to detect and measure every peak. The ‘centroid spec-
trum’ type scan is the conversion of the original continuous proﬁle to
a discrete spectrumwhere only the position and intensity of each orig-
inal peak are recorded. The position of each peak is the centroid value of
the peak and is known as the accurate mass [1]. Such an accurate mea-
surement of the peak position is essential as it allows the identiﬁcation
of unknown compounds [20]. doCentroid is a function that will convert
all ‘proﬁle spectrum’ scans in the original dataset into ‘centroid spec-
trum’ scans. New data are recorded in the same original binary ﬁle
and a new dataset will be created in the Finnee structure that will
index the newly created spectra. This allows storing within the same
ﬁles the original and centroid scans allowing easy comparison. The syn-
tax is:
where m is the index to the target dataset (it should be a ‘proﬁle
spectrum’ dataset). The centroid algorithm that is provided here has
been optimized for the test datasets provided. In that example, the
peaks in each proﬁle spectrum are characterized by a very low number
of points per peak (4 to 5) as well as very low noise. In this condition, a
classical ﬁrst derivative based algorithm does not allow separating
peaks that are spaced by less than 2m/z intervals even though those ap-
pear separated in theproﬁle spectrum.Wedesigned an alternative algo-
rithm that calculates centroid spectrum by (1) detecting every local
maxima and (2) calculating the accurate masses and associated intensi-
ties by ﬁtting a polynomial of degree 2 to the local maxima and the two
closest neighboring data points. Results are shown in Fig. 2. Fig. 2ATrace. (1) indicates the data cursor icon and (2) the datatip.
Fig. 2. Comparison of the proﬁle spectrum (continuous) and centroid spectrum (bars) obtained at 8.48min with the urine dataset. (A) shows the comparison with the centroid spectrum
obtained by CompassXport and (B) with the doCentroid function.
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spectrum as calculated by CompassXport and Fig. 2B shows the compar-
ison between the proﬁle spectrum and the centroid spectrum as calcu-
lated by doCentroid. CompassXport is the freeware provided by Bruker
that allows converting a baf Bruker proprietary ﬁle to an mzML ﬁle for-
mat and it allows converting aﬁle either to ‘proﬁle spectrum’mode or toFig. 3. (A) Comparison of the total ion proﬁle from the centroid spectrumdataset (top)with the
proﬁles.‘centroid spectrum’mode. While there is no information about the cen-
troid algorithm, looking at Fig. 2A, it is likely that a derivative of the sig-
nal is used. As it can be seen such algorithm fails to separate closely
related peaks (see around m/z 215 and 217 for example). The
doCentroid, in this case, provide better results. However, it should be
emphasize that this is data dependent and with a higher number oftotal ion proﬁle from the ionic spectrumdataset (bottom), (B) differences between the two
142 G.L. Erny et al. / Chemometrics and Intelligent Laboratory Systems 155 (2016) 138–144points per peak or noise, it is likely that the result will be different. A
quick tutorial allowing obtaining Fig. 2 is given below.
where Urine_ctr and Urine_prf are the Finnee structures created
using the mzML ﬁles in centroid mode and proﬁle mode respectively.
Both structures were created using domzML2struct.5.2. getPIP
When working with X-MS datasets, it is often convenient to trans-
form the MS based dataset (i.e. a scan at each acquisition time) to a
chromatographic based dataset (i.e. chromatographic type proﬁle at dif-
ferent m/z intervals). This allows automatizing the treatment of the
dataset using chromatographic related tools such as peak picking algo-
rithms and chromatographic ﬁgures of merits (time at peak maxima,
peak area, peak width, etc.) for each proﬁle. To transform the dataset,
two different approaches are usually used. In the bucketing approach,
the data are organized in extracted ion proﬁles (EIPs), each of them cor-
responding to the sum of all ionswithin a setm/z interval. The difﬁculty
in this approach is selecting the m/z intervals in such a way that each
proﬁle can only contain few ions, but that all the data related to the
transport of one ion is not split between two EIPs [20]. Bucketing is
often done with ‘centroid spectrum’ type dataset but can also be done
with ‘proﬁle spectrum’ type dataset. Alternatively, the dataset can beFig. 4. Cluster plot of the urine dataset as obtained using the function doClusterPlot. (1) indic
clicking on the data tip.scanned to ﬁnd sequence of points that should belong to the transport
and detection of a single ion. Those are usually points in successive
scans that do not differ in their accurate mass by more than a set
valor. Proﬁles reconstituted by this approach are often termed as pure
ion proﬁles (PIPs) [21,22,10,23]. This approach can only be done with
‘centroid spectrum’ type dataset. The getPIP algorithm has already
been described in a previous work [3] and allows extracting PIP from
a centroid dataset and, as with doCentroid, will create a new dataset
with the results, this allowing verifying the performances of the algo-
rithm. The syntax is:
wherem is the index to the dataset in ‘proﬁle spectrum’ mode and
intThres, Dmz and pPP are parameters that deﬁne the detection of PIPs.
A PIPwill be createdwith any sequence of at least pPP points with an in-
tensity higher than intThres that does not differ in their accurate masses
by more than Dmz. FOMOut is optional and is a structure that contains
all the PIPs as well as key ﬁgure of merits. The list of all proﬁles will be
found in the sub-structure FOMOut proﬁles while FOMOut. FOM lists
key ﬁgure of merits (fom) for each of those proﬁles (mean accurate
mass of all points that belong to this proﬁle togetherwith the associated
standard deviation, the time at peak apex, the peak area, the peak cen-
ter, etc.). With the test urine dataset, the PIP can be obtained using:
Under those conditions 5784 pure ion proﬁles were extracted from
the dataset. Those proﬁles are characterizedwith amean standard devi-
ation of their accurate mass of 0.0014 (±0.0010). This value is as ex-
pected from a TOF mass analyzer. In Fig. 3A, the TIP obtained with the
‘centroid spectrum’ dataset (top trace) is compared with the TIP ob-
tained with the ‘ionic proﬁle’ dataset. Fig. 3B shows the difference be-
tween the two traces. As it can be seen from those ﬁgures a certain
amount of relevant information is lost in the process. As with most che-
mometric approaches there is a tradeoff between the quality and quan-
tity of information. The residual shows in Fig. 3B can be decreased byates the data cursor icon, (2) the data tip and (3) the menu that can be openned by right
Fig. 5. Figure obtained using the function tellCluster. (A) is the comparison of the average of all proﬁles in the clusterwith the proﬁles from the two closest clusters, (B) is the superposition
of all proﬁles within the cluster and (C) the MS spectrum obtained using the data from the cluster.
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number of proﬁles, including artifacts and noise.
6. Cluster plot
We recently proposed a new two dimensional representation of hy-
phenated dataset called cluster plot [3]. This method used an agglomer-
ative hierarchical clustering approach to regroup similar proﬁles as
measured by the correlation coefﬁcient.
6.1. doHACA
doHACA is the function that will build the hierarchical structure. The
syntax is:
m is the index to the dataset that should be with ‘ionic proﬁle’ for-
mat. By default, doHACA will only use the 2000 most intense proﬁles
and the hierarchical structurewill stopwhen the highest correlation co-
efﬁcient between the clusters is lower than 0.9. Both values can easily be
changed in the option.
6.2. getClustersPlot
getClustersPlot allows generating the 2 dimensional scatter plot
based on the hierarchical structure generatedusing doHACA. The syntax
is:
‘l@m’ is the address of the hierarchical structure (HS) (m and l
are the dataset and HS indexes respectively), HL is the target level
in the HS deﬁned by the value of the merging correlation coefﬁcientand intThres deﬁned the clusters to be plotted. Only clusters that
contain at least one proﬁle with intensity higher than intThres are
retained. Fig. 4 shows the cluster plot obtained using the urine
dataset.
Ideally every cluster will contain all proﬁles that are related to the
transport and ionization of only one analyte. It is evident that to obtain
such a representation a small amount of information is lost; it is there-
fore important to assess the data integrity at each step.6.3. tellCluster
The function tellCluster allows visualizing the different PIPs that be-
long to a particular cluster. The selection of the cluster is done via Fig. 4
by clicking the data cursor icon (1 in Fig. 4) and selecting the target clus-
ter. Right clicking the text box (2) opens a pop up menu that allows
exporting the cursor data to the work space (3). Information about the
cluster can be obtained using:
where clustersIn is the structure obtained after running
doClustersPlot and cursor_info is the structure created when exporting
the cursor data to the work space. tellCluster will generate two outputs
a ﬁgure that, as shown in Fig. 5, is made of three panels and a text
displayed in Matlab workspace. The panel A shows a proﬁle in black
that is the summation of all normalized proﬁles that belong to the clus-
ters as well as the same proﬁles for the two closest (in time) clusters.
The panel B shows the superposition of all proﬁles within the cluster
and panel C is the stem plot of them/z position as a function of themax-
imum intensity of all proﬁles. The text in the workspace summarized
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tensity and correlation to the average cluster's proﬁle.
7. Conclusions
X-MS datasets contain a wealth of information that can be challeng-
ing to extract without any pre information (i.e. untargeted analysis).
Chemometric tools have been developed to facilitate recovering this in-
formation. However, such tools often ﬁlter and/or modify some infor-
mation and should be used with proper control and understanding.
Moreover, the diversity ofmatrices and instrumentsmeans that optimi-
zation of condition and algorithms can be challenging. The Finnee tool-
box has been design to allow an easy control of the data integrity after
each transformation. It allows exploring the data and optimizing or de-
signing algorithms to better ﬁt the instrument particularities or experi-
mental needs. Finnee is not aimed to be a ﬁnish product but rather an
open solution where tools can easily be developed and tweaked. The
GitHub repository has been designed for ease of use of end-users, to
download the tools, keep track of updates and new developments, as
well as to develope and share their own solutions. Update and news
can be followed at https://github.com/glerny/ﬁnnee and https://
ﬁnneeblog.wordpress.com/.
7.1. Independent testing
The Finnee toolbox has been tested by Dr. E Bergström, Centre of Ex-
cellence in Mass Spectrometry,
Department of Chemistry, University of York, York YO10 5DD, www.
york.ac.uk/mass-spectrometry.
“This is a report reviewing the toolbox described in “Finnee - a
Matlab toolbox for processing datasets from high resolution mass spec-
trometry hyphenated to separation techniques” by G L. Erny, T Acunha,
C Simó, A Cifuentes and A Alvesa.
“I have tried all of theMATLAB functions in the Finee toolbox on the
following LC–MS datasets: 1. A short LC run of a simple test mix with
data collected on a Bruker HCT II ion trap (low resolution data), 2. A
30 min LC run of a real metabolomics sample with a Bruker maXis
(high resolution Q-ToF) instrument.
The data was ﬁrst exported in MZML format using the tool within
the the Bruker DataAnalysis software.
Firstly all of the functionsworked correctly, as described in theman-
uscript. The run times were ﬁne for the smaller, low resolution, dataset.
The larger dataset was 220MB in the Bruker data format which pro-
duced a 6 GBMZML ﬁle. The domzML2struct function took ~20min and
produced a 12GB .dat ﬁle. The doCentroid function took ~15min to run.
The other functions were then quite quick to run.
For us it is quicker to use the Bruker DataAnalysis software working
with the much smaller Bruker .d ﬁles. Overall I thought the functions
would be useful and it's very good to be able”.
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Separation  techniques  hyphenated  with  high-resolution  mass  spectrometry  have  been  a true  revolution
in analytical  separation  techniques.  Such  instruments  not  only  provide  unmatched  resolution,  but  they
also  allow  measuring  the peaks  accurate  masses  that  permit  identifying  monoisotopic  formulae.  How-
ever,  data ﬁles  can  be  large,  with  a major  contribution  from  background  noise  and  background  ions.
Such  unnecessary  contribution  to  the overall  signal  can  hide  important  features  as  well as  decrease  the
accuracy  of the  centroid  determination,  especially  with  minor  features.  Thus,  noise  and  baseline  correc-




approach,  is used  to  correct  the  original  dataset  with  the  MS  scans  recorded  as  proﬁles  spectrum.  Using
urine  metabolic  studies  as  examples,  we demonstrate  that this  thorough  correction  reduces  the data
complexity  by  more  than  90%.  Such  correction  not  only  permits  an  improved  visualisation  of secondary
peaks  in  the  chromatographic  domain,  but  it also facilitates  the  complete  assignment  of each  MS  scan
which  is  invaluable  to  detect  possible  comigration/coeluting  species.
© 2017  Elsevier  B.V.  All  rights  reserved.. Introduction
In separation techniques, the baseline should ideally be a con-
tant shift of the signal intensity. In practice, however, especially
ith complex samples, various artefacts (e.g. drift, large feature-
ess objects, dips, ghost peaks) can be visible. While some of those
rtefacts are related to instrumental problems and can be cor-
ected, others are inherent to the matrix, the sample preparation
derivatization, digestion, dilution, etc.) or due to additives needed
n the mobile phase or background electrolyte. Modern software
s usually able to detect and measure the relevant peaks’ ﬁgures of
erit despite complicated background signals. In the most extreme
ases, the method can be optimised to avoid baseline artefacts
 Selected paper from the 40th International Symposium on Capillary Chromatog-
aphy and 13th GC×GC Symposium (RIVA 2016), 29 May–3 June 2016, Riva del
arda, Italy.
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E-mail address: guillaume@fe.up.pt (G.L. Erny).
ttp://dx.doi.org/10.1016/j.chroma.2017.02.052
021-9673/© 2017 Elsevier B.V. All rights reserved.that are interfering with the part of the analytical signal that is of
interest. However, even the simplest background signal can be chal-
lenging when using Parallel Factor Analysis (PARAFAC) and other
multi-ways related chemometric tools [1–5]. Background signals
are also problematic in hyphenated and two-dimensional separa-
tion techniques. For example, Pierce and colleagues demonstrated
that baseline drift does not only hide important features, it also
impairs the accurate determination of peaks areas and centres [6,7].
Similarly, Zhang et al. demonstrated the interest of intensive back-
ground subtraction for high-resolution LC/MS data to obtain clean
product ion spectra [8].
Due to the growing importance of the above-cited techniques,
many innovative algorithms for background correction have been
proposed in the past decade [1,9–24]. While it is not the aim of
this manuscript to compare those methods [21], two  of those algo-
rithms are particularly interesting because of their fast computing
speed and their ability to model any baselines. Those were derived
from the work of Eilers [18,25] and are the adaptive iteratively
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eweighted penalised least squares (arPLS) algorithms [15,19]. The
im of this work is to demonstrate the facility and rapidity in which
 dataset obtained using separation techniques hyphenated with
igh-resolution mass spectrometry (CE-TOF MS  and UHPLC-Q/TOF
S)  can be thoroughly corrected using a modiﬁed arPLS algorithm.
he key innovative concept in this work is to use MS  scans recorded
s proﬁle spectrum rather than the usual centroid spectrum.
While MS  instruments record scans as continuous proﬁles
known as proﬁle spectrum), it is usual to transform each scan into
 MS  centroid spectrum, the prevalent bars type representation.
o this effect, every peak within every MS  scan is detected using
 peak picking algorithm. For each of the detected peaks, only two
gures of merits are measured and recorded: the peak centre and
he peak maximum intensity. Such conversion allows reducing the
ize of the ﬁle by at least one order of magnitude. The peak centre
s also an accurate measurement of the peak position in the m/z
xis (hence the name accurate mass [26]), allowing higher selec-
ivity [27] and better identiﬁcation capability, this by equaling the
ccurate mass with putative isotopic formula [28,29]. Centroided
ata are typically calculated by the acquisition software and are
ften (if not always) the starting points in chemometric tools. How-
ver, Kaufmann and others [28,30,31] unambiguously proved that
ith complex samples, centroid values are not always exact. Most
f the errors are due to poorly separated peaks in the MS  pro-
le that become merged as a single centroided object. Moreover,
hen using centroided data, ion proﬁles (extracted ion proﬁle or
ure ion proﬁle) need to be reconstituted before performing the
ackground correction. Various algorithms exist for extracting ion
roﬁles [32–34] from complex datasets with MS  scans recorded as
entroid spectra. However, with those approaches, some of the data
ill be lost or merged in the process. On the other hand, working
ith MS  scans recorded as proﬁle spectra allows bypassing those
ssues. In this case, the m/z axis is the same for every scan and ion
roﬁles are simply obtained by recording, in every scan, the inten-
ity at a given m/z ordinate. In this manuscript, ion proﬁles refer
o chromatographic-like proﬁles retrieved by selecting in each MS
can the intensity at a given m/z coordinate. They should not be
istaken with extracted ion proﬁles, single ion proﬁles or pure ion
roﬁles constructed from MS  scans that were converted to centroid
pectrum format.
In this work, two metabolomics urine datasets will be used to
ighlight the interest of this approach. One dataset was obtained
sing CE-TOF MS  instrument, the other with a UHPLC-Q/TOF MS
nstrument. All algorithms used in this work have been pro-
rammed using Matlab and a personal computer. The ﬁles are
vailable at https://github.com/glerny/ﬁnneeFinnee2016/ as part
f the Finnee toolbox. Additional information and tutorials will
lso be posted at https://ﬁnneeblog.wordpress.com/ as well as in
he wiki associated with ﬁnnee2016 (https://github.com/glerny/
innee2016/wiki).
. Materials and methods
.1. Programming
The Finnee toolbox, used for this work, was run under Matlab
016b using a PC (Operating system: Windows 10 Pro 64-bit; CPU
ntel Core i5 2400 @ 3.10 GHz; RAM: 8.00 GB Dual-Channel DDR3).
he new functions programmed for this work are freely available in
he Finnee repository https://github.com/glerny/ﬁnnee2016/. The
innee toolbox uses the mzML  ﬁle format. In this work those were
btained from the original data using either CompassXport (Bruker)
r msConvert (freely available at http://proteowizard.sourceforge.
et/).. A 1492 (2017) 98–105 99
2.2. CE-TOF MS  analysis
CE-TOF MS  analysis were carried out using a P/ACE 5010 CE sys-
tem (Beckman, Fullerton, CA, USA) coupled to a time-of-ﬂight (TOF)
instrument “microTOF” from Bruker Daltonics (Bremen, Germany).
The coupling was carried out via an ESI interface model G1607A
from Agilent Technologies. Electrical contact at the electrospray
needle tip was established via a sheath liquid composed of 2-
propanol-water (50:50, v/v) delivered at a ﬂow rate of 4 L/min
by a 74900-00-05 Cole Palmer syringe pump (Vernon Hills, IL,
USA). Bare fused-silica capillary with 50 m i.d. and 85 cm of total
length was  from Composite Metal Services (Worcester, England).
The inner capillary wall was  coated with a cationic TEDETAMA-
co-HPMA copolymer. CE separation was performed at −20 kV in
an acidic BGE (1 M formic acid adjusted to pH 2.4 with ammo-
nium hydroxide). The nebuliser and drying gas conditions were
0.4 bar N2 and 4 L/min N2, respectively, maintaining the ESI cham-
ber temperature at 200 ◦C. TOF MS  was operated in the negative ion
mode (capillary voltage was  4 kV) and spectra were acquired in the
range of 50–700 m/z. External and internal calibration of the TOF MS
instrument was  performed by introducing a 5 mM sodium formate
solution through the separation capillary. Masses for the calibration
of the TOF MS  were next: 180.9731, 248.9594, 316.9479, 384.9353,
452.9227 and 520.9102 m/z. The mass resolving power, RP(FWHM),
was calculated at m/z = 243 equal to 8500. The numerical thresh-
old was set to zero. The original data ﬁles were converted to mzML
format using CompassXport. The mzML  ﬁle is freely available [35].
2.3. UHPLC-Q/TOF MS analysis
UHPLC-Q/TOF analysis was carried out using a 1290 system (Agi-
lent) coupled to a quadrupole-time-of-ﬂight (Q/TOF) 6540 (Agilent)
equipped with an orthogonal electrospray ionisation (ESI) source
(Agilent Jet Stream, AJS). The separation was performed on a Zor-
bax Eclipse Plus C8 (2.1 × 100 mm,  1.8 m)  column using phase A
(water with 0.1% (v/v) formic acid) and phase B (acetonitrile with
0.1% (v/v) formic acid) and following gradient program: the run
was started at 0% B and maintained for 2 min. From 2–6 min  phase,
B increased linearly till 30%. From 6–8 min  phase B was  increased
to 100% and maintained for 2 min  (from 8 to 10). Before each run,
the column was re-equilibrated for 3 min  using the initial solvent
composition. TOF-MS operation parameters were the following:
capillary voltage, −4000 V; nebuliser pressure, 25 psi; drying gas
ﬂow rate, 7 L/min; gas temperature, 300 ◦C; skimmer voltage, 45 V;
fragmentor voltage was  125 V; 50–1000 m/z mass scan in positive
ionisation mode. External calibration of the TOF MS  was carried
out using a commercial mixture from Agilent with next m/z values:
118.0863, 322.0481, 622.0290, 1221.9906, 1521.9715, 1821.9523,
2121.9331, 2421.9139 and 2721.8948. The mass resolving power,
RP(FWHM), was calculated at m/z = 265 equal to 16000. The numer-
ical threshold was set to 200. The original data ﬁles were converted
to mzML  format using msConvert. The mzML  ﬁle is freely available
[36].
2.4. Chemicals and samples
All chemical used were of analytical reagent grade. Reagent and
solvents employed in the preparation of the CE electrolytes, sheath
liquid, and LC mobile phases were of MS  grade: isopropanol, formic
acid and ammonium hydroxide from Sigma-Aldrich (St. Louis, MO,
USA) and acetonitrile from Labscan (Gliwice, Poland). The water
was puriﬁed in a Milli-Q system from Millipore (Bedford, MA,  USA).
Urine sampleswere directly injected following simple ﬁltration by
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. Results and discussion
.1. Selection of proﬁles
The ﬁrst step in this work was to select the ion proﬁles that
eeded baseline subtraction. The initial motivation for such a task
as to decrease the number of ion proﬁles to be corrected. For
xample, with the CE-TOF MS  dataset, a MS  scan is a 2 by 60512
rray (m/z scan from 50 to 700, with an interval of 0.0044 at 50 m/z
nd 0.0167 at 700 m/z) with m/z values and intensities in the ﬁrst
nd second column, respectively. The full dataset consists of 1265
cans spaced at relatively regular intervals, ion proﬁles are obtained
y registering the intensity at given m/z  values. Thus 60512 proﬁles
ill be collected, each containing 1265 points. Similarly, with the
HPLC-Q/TOF MS  141310 proﬁles (m/z scan from 50 to 1000, with
n interval of 0.0025 at 50 and 0.0110 at 1000), each containing
581 points, will have to be corrected. While the arPLS and airPLS
lgorithms are particularly fast to converge, it remains wise trying
ecreasing the number of ion proﬁles to correct.
While every ion proﬁle is of the same length, with MS  instru-
ents, a zero value indicates that no ion was detected at this time
nd this m/z interval. The relative amount of zero values within a
iven proﬁle is a strong indicator of the presence of background
ons. Indeed, in the absence of background ions, the intensities in
he proﬁle will be different of zero only when an analyte entered the
on chamber and generated an ion whose m/z  peak will be within
he mass interval of interest. With high-resolution mass analyser,
n the absence of noise and background ions, the signal will con-
ain many zero values. However, if background ions are present,
onic proﬁles will contain few zero values as, by deﬁnition, the
ackground ions are present during most of the separation time.
ig. 1 illustrates the repartition of proﬁles as a function of their
elative amount of non-zeros values. In this ﬁgure, the proﬁle rela-
ive lengths are represented in abscissa (non-zeros divided by the
otal number of values; discrete value with a 1% increment), and
he number of proﬁles with such relative length are represented
n ordinate. A similar ﬁgure was obtained with the CE-TOF MS
ata (additional ﬁgures, especially related to the CE-TOF MS  are
resented as supplementary materials, SM1). This graph is charac-
eristic of the distribution of proﬁles, with no proﬁles with less than
0%, then a spike of proﬁles between 10 and 15% and a majority of
ig. 1. Amount of proﬁles within the UHPLC-Q/TOF MS  dataset with a given relative len
ivide by the total number of values.. A 1492 (2017) 98–105
proﬁles between 30 and 60%. This representation can be used to
ﬁlter the dataset, by as in Fig. 2, grouping proﬁles based on their
relative length.
Fig. 2(A–E) shows the base peak proﬁles (BPP) calculated using
proﬁles with relative length between (A) 0 and 15%, (B) 0 and 25%,
(C) 25 and 50%, (D) 50 and 75% and (E) 75% and 100%. BPPs in Fig. 2A
and B contain a minimal amount of information, showing that pro-
ﬁles with a relative length below 25% contain neither background
ions nor analytes and cen be used to estimate the instrumental
noise in the absence of peaks.To do so, all the intensities from pro-
ﬁles with a relatve length below 25% were concatenate into a single
vector.The noise was measured using six times the standard devi-
ation of all values. The instrumental noise was equal to 50 a.u.for
the UHPLC-Q/TOF MS  and 20 a.u. for the CE-TOF MS. As was previ-
ously discussed, the BPP depicted in Fig. 2E presents a high baseline
level, but also a strong analytical signal. Proﬁles used to construct
this representation seem the most relevant for baseline correction.
However, for a thorough correction of the dataset, proﬁles that con-
tain more than 50% of non-zeros values were also included. Thus,
with the UHPLC-Q/TOF MS  dataset, 37,000 proﬁles are selected
(for a total of 141310) for baseline correction. With the CE-TOF
MS dataset, 3909 proﬁles were selected (for a total of 60512). It
should be emphasised that while it may  seem attractive to correct
all proﬁles, most baseline correction algorithms will not perform
well with proﬁles that only contain peaks without any baseline
points.
3.2. Baseline correction algorithms
Basic requirements for the background correction algorithm are
good robustness, high response speed, ﬂexible; and parameters
should be the same for every ion proﬁle within a single dataset.
While most existing algorithms were tested in this work, the air-
PLS and arPLS were of particular interest due to their easiness,
good performance with various baseline drift proﬁles, and rapidity.
Fig. 3A and C show the baseline obtained with both algorithms with
proﬁles representative of the most complicated baselines found in
the two  datasets. This ﬁgure clearly indicates that the airPLS algo-
rithm is not adequate when negative peaks, such artefacts (very
common in CE analysis), are present (Fig. 3C). Moreover, the posi-
tion of the baseline about the background noise depends on the
gth, where the relative length is, for a given proﬁle, the number of nonnull values
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Fig. 2. Base peak proﬁles using selected ion proﬁles ﬁltered based on the relative length. BPP calculated with proﬁles with relative lengths between (A) 0 and 15%, (B) 0 and





mFig. 3. (A) and (B) selected ion proﬁles and baselines calculated using the arPsymmetry parameters. Such a parameter will have to be optimised
or every proﬁle depending on the signal to noise ratio. The arPLS
ppears better with proﬁles found in the two datasets. Not only this
ethod works correctly with negative peaks, but the smoothness, airPLS algorithms, (C) and (D) corrected proﬁles using the arPLS algorithms.the only necessary parameter, can be optimised once for all proﬁles
within the dataset. The main limitation of the airPLS algorithm is
that negative values can be under evaluated and will depend on the
asymmetry factor. While the airPLS algorithm is suitable for convo-




























Fig. 4. Schematic representation of the baseline correction methodology. (i) Selec-
tion of the proﬁles that need to be corrected from baseline drift; (ii) correction using
the  arPLS algorithm; (iii) the selected proﬁles are replaced by the corrected proﬁles
in  the dataset: (iv) noise removal: for each point if the intensities within a set win-
F
a
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uted proﬁles with many sharp peaks, the arPLS is clearly superior
or proﬁles that consist of few peaks. Thus the arPLS algorithm was
sed to correct the selected ion proﬁles. It should be noted that the
rPLS algorithm utilised in this work is slightly different from the
riginal version. The code is introduced in supplementary material
SM2).
Figs. 3C and D show the baseline corrected proﬁles with the
rPLS algorithm; all negative values (zone in grey) are arbitrary
et to zero. Those ﬁgures indicate that the arPLS can correct base-
ines with very erratic ﬂuctuations. Nevertheless, in cases of sharp
ariations of the baseline intensity a ghost peak may  appear in
he corrected proﬁle (e.g. at 0.5 min  in Fig. 3D). The intensity of
his peak can be decreased using a lower smoothness value. How-
ver, an improperly low value will also modify the intensity of the
nalytical signal.
.3. Thorough correction
Fig. 4 is a schematic representation of the algorithm utilised for
he thorough baseline correction of the original MS  dataset. The
teps are as follow:
i Selection of proﬁles using the percentage of non-zeros values.
ii Estimation of the baseline for each proﬁle using the arPLS algo-
rithm. Each proﬁle is corrected, and negative values are set to
zeros.
ii MS  scans are corrected by replacing the intensities in the m/z
coordinates of the selected proﬁles.
Fig. 5 compares the total ion proﬁle (TIP) calculated with (A) the
riginal dataset and (B) the dataset where MS  scans were base-
ine corrected. While the baseline level decreases after baseline
orrection, the level is still higher than zero. Rather than due to
ncorrected (or poorly corrected) baselines this shift is believed to
e due to the contribution from noise from every channel. Because
ndividual scans are now corrected from background ions, a very
imple noise removal strategy can be designed. Noise removal was
one as follow: ﬁrst, the intensity of the noise in the absence of
eaks is estimated. Then, a moving window of size m*n  is used to
dow are below the noise threshold, the intensity of the point of interest is set to
zero.
ig. 5. Total ion proﬁles from the UHPLC-Q/TOF MS dataset with (A) original data, (B) corrected proﬁles, (C) corrected proﬁles and noise reduction using a noise value of 50
nd  a 7*5 moving window and (D) corrected proﬁles and noise reduction using a noise value of 200 and a 11*7 moving window. Traces in light grey are a 50-time enhancement
f  the signal between 9 and 10.5 min; the arrows indicate the peak of interest.
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Fig. 6. Full MS scans (proﬁle spectrum) recorded at 9.69 min  with (A) original data, (B) corrected proﬁles, (C) corrected proﬁles and noise reduction using a noise value of 50



















tig. 7. Ion proﬁles from the original dataset selected based on the four most inten
eak  after baseline correction (Fig. 6B–D).
easure the maximum intensity within this window. This window
s applied to every data point and if the maximum window’s inten-
ity is lower than three times the estimated noise, the intensity
f the investigated point is set to zero. The TIP, after noise correc-
ion, obtained with threshold noise values of 50 and 200 can be
bserved in Fig. 5C and D, respectively. The noise threshold of 50 is
he instrumental noise as previously estimated (see 3.1). As it can
e seen in Fig. 5C, while there is a slight improvement in compar-
son to Fig. 5C, the noise remains high. This is not the case when
sing a noise threshold of 200, as it can be observed in Fig. 5D. The
ombination of baseline and noise removal allowed correction from
aseline ﬂuctuation. As visible in the close-up (red traces in Fig. 5),
his allows detecting easily minor peaks. The noise removal allowed
o reduce the size of the data (i.e. value set to zero) by more than
8% with the UHPLC-Q/TOF MS  (noise value 200; window size of
1*7). While removing unnecessary information is clearly attrac-
ive, it is evident that the data should be minimally modiﬁed for peak in Fig. 6A. The ion proﬁle obtained at m/z = 835.550 corresponds to the base
such approach to be valuable. The effect of baseline correction and
noise removal algorithm on the MS  scan is investigated in Fig. 6. The
MS scans at 9.69 min  (A, indicated by the arrows in Fig. 5) is com-
pared to (B) the scan after baseline correction but without noise
removal, (C) baseline and noise corrected with a noise parameter
of 50 (windows of 7*5) and (D) baseline and noise corrected with a
noise parameter of 200 (window of 11*7).
The baseline correction allows a drastic simpliﬁcation of the MS
scans. Usefulness of such data reduction methodology is exempli-
ﬁed in Fig. 7 where the ion proﬁles calculated based on the four
most intense MS  peaks in Fig. 6A are superposed. As it can be seen
three of them are related to background ions, while one exhibits a
peak at 9.69 min. The m/z index of this proﬁle corresponds to the
base peak after baseline correction in Fig. 6B–D. In this example,
and as demonstrated in Fig. 7, the corrected scans allow to easily
and reliably obtaining the base peak ions that were previously hid-
den by background ions. While not as striking, this is also true for
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Fig. 8. Zoom between m/z 836 and 840 of the MS  scans presented in Fig. 5. (A) original data, (B) corrected proﬁles, (C) corrected proﬁles and noise reduction using a noise
value  of 50 and (D) corrected proﬁles and noise reduction using a noise value of 200.
Table 1
Computing speed depending on the number of proﬁles to correct and dataset size.
CE-TOF MS UHPLC-Q/TOFMS
File size (mzML ﬁle) 650,000 kB File size (mzML  ﬁle) 2,900,000 kB
Selection of proﬁles <1 min  Selection of proﬁles 5 min


























Potential and by National Funds through FCT – Foundation for Sci-Correction (7145 prof.) 1.5 min  Correction (37000 prof.) 15 min
Data reduction by 99.4% Data reduction by 98.0%
ny scan, even with high-intensity peaks. In this case, baseline and
oise removal facilitate a thorough analysis of the scans allowing
o detect possible co-migration/co-elution.
In Fig. 8, the effects of the baseline and noise removal algo-
ithms on the peak shapes were also investigated. In this ﬁgure, the
hapes of the three ﬁrst isotopic peaks were studied under different
ata manipulation. The ﬁlter is very conservative; the peak shapes
arely change despite the removal of many data of low intensity.
owever, it is evident, that if using high values for the noise param-
ter, the peaks of lowest intensities may  be ﬁltered out as it is the
ase in Fig. 7D. Nevertheless, this may  still be beneﬁcial as it allows
o reduce the data size by more the 98%, which not only allows much
learer TIP but should also be useful for subsequent chemometrics
outine, including for centroid algorithms.
.4. Computing speed
Computing speed is a crucial factor, however, because speed
an vary a lot depending on the computer and complexity of the
ataset, the speeds given in Table 1 are only indicative. Time has
een measured using a personal computer and using the Matlab
ic/toc functions that measure the CPU time. With a maximum time
f 15 min, it demonstrates that manipulating large dataset can be
one in reasonable times. The total computing speed varied from
ess than 2 min  with the small CE-TOF MS  dataset (0.7 GB) to 20 min
ith the larger dataset (2.9 GB), this excluding the conversion of the
zML  ﬁle to the Matlab structure as previously described. Com-
uting speed will also depend on the number or proﬁles to correct.
hile it is tempting to minimise this speed by reducing the numberof proﬁles to correct, a thorough correction is clearly advantageous
but will require overestimating the number of proﬁles to correct.
4. Conclusions
In this manuscript, the arPLS, a baseline correction algorithms
and a new noise removal algorithm have been applied to thor-
oughly correct urine metabolome datasets. The baseline and noise
correction allows a drastic reduction of the data complexity by
more than 98%. Such data transformation allows easily detect-
ing minor peaks that were previously hidden. The arPLS has been
found to be reliable, robust and fast allowing to correct those large
datasets in a reasonable time, e.g. less than 20 min  for the larger
dataset. The use of proﬁle spectra instead of centroid spectra allows
to easily obtain ion proﬁles. However, it is evident that centroid
algorithms will then have to be performed in the corrected data set
to calculate the accurate masses.
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